
Frontispiece . — Transverse section of secondary wood of Ulrniis americana. X 50. 
{Courtesy, U. S. Forest Products Laboratory,) ^ 

*'The Staple of the Stuff is so exquisitely fine, that no Silk-worm is able to draw any- 
thing near so fine a Thread. So that one who walks about with the meanest Stick, holds 
a piece of Natures Handicraft, which far surpasses the most elaborate Woof or Needle- 
Work in the World.” — Nehemiah Grew, 
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PREFACE 


In presenting this book the authors hope to fill a need for a textbook 
in plant anatomy of a type at present not available — a need which they^ 
as teachers in this field, have keenly felt. Not only, however, in their 
opinion, is there need for a book for class study and guidance, but also 
for one which shall serve as a reference text for workers in fields of applied 
botany, and for teachers and students in other fields of pure botany. 
A double purpose, therefore, has been kept in mind in the preparation of 
the book. In the treatment of the subject matter, however, emphasis 
has been placed on adaptability to classroom use from the standpoint 
of the student beginning anatomical study. Thus, the book is, first of 
all, a textbook in the elements of plant anatomy— an introduction to the 
field. It presupposes an acquaintance only with the fundamental struc- 
ture and activities of plants — an acquaintance such as is ordinarily 
obtained from a first course in botany. 

Though the book is thus introductory in nature, it is believed to 
embody a fairly comprehensive treatment of the fundamental facts and 
aspects of anatomy — to be, in fact, so inclusive as to provide a working 
basis for independent study. Yet it does not lay claim to the exposition, 
in detail, of the known facts and the theories concerning any structural 
features. So great is the number of recorded facts, and so confused is 
the terminology of anatomy, that a treatise approaching completeness in 
the presentation thereof would not be usable as a textbook. Further, 
the anatomy of vascular plants, especially that of the angiosperms is, 
in detail and in some broader features, still largely unknown. It is thus 
obviously impossible to present data covering the facts and structural 
features which will be met by the student in later work. It is, further, 
the firm opinion of the authors that the student of anatomy should not 
learn facts primarily, but should be taught self-reliance in the study of 
plant structure through training in power of observation and interpreta- 
tion. Therefore, the book is not a compendium of facts. 

Training which results in independence in the study of anatomy is, 
of course, secured only by laboratory practice. On such practice the 
authors believe emphasis must be placed, and not on lectures, text study, 
nor, in the beginning, on reading. For laboratory teaching the present 
book should provide a background of facts, terms, history, etc. ; it may, 
indeed, be used, in part, as a laboratory guide. The sequence of sub- 
jects adopted is that which, in the experience of the authors has been 
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found most satisfactory in laboratory work. Such inaterial as is speci- 
fically mentioned^ or is used for illustration, suggests only in a general 
way the range and- the amount of material that may be used in a first 
course in plant anatomjn It is not necessary, nor is it even desirable, 
that the same plants be used in the classroom. Any available material 
may be used, and, by comparison with the descriptions and illustrations of 
the text, the teaching can be made more effective. The authors in their 
own classes use considerable material, sufficient to cover so far as possible 
the range and type of variation in each structure. An acquaintance with 
variation is thus acquired by the student, and a power of interpretation 
is given by practice with many examples, so that he is enabled thereafter 
to interpret wholly new material. 

As a reference book, the synoptical treatment of the more important 
facts, usage of terms, present status of opinion, etc. should render the 
book generally useful. More detailed information may be obtained, of 
course, from the larger reference works, though in many cases it is only 
to be found in papers and articles of limited scope. A certain small 
amount of material embodied in the book represents the result of 
unpublished research and observation on the part of the authors, or 
represents their personal opinions. 

Except for an occasional mention of lower forms, the structure of 
vascular plants only is considered, since the histological structure of the 
thallophytes is usually not complex. In cases where it is, the method of 
study and the terms applied to cells and tissues in higher plants may 
generally be used. In the selection- of forms for illustration there have 
been chosen, so far as available material has permitted, well-known or 
economically important plants. 

The viewpoint of the treatment is fundamentally that of descriptive 
morphology, that is, of existent form and structure. Physiological ana- 
tomy regards form but little; and an understanding of form and of struc- 
tural relationship must precede all valuable anatomical study. The 
physiological aspects and the practical bearing of the subject matter are 
discussed briefly, and incidentally to the general treatment. Compara- 
tive morphology is made use of whenever an understanding of phyloge- 
netic development helps to make structural complexity clear. A text- 
book written on the basis of descriptive morphology the authors believe 
to be most generally useful. For students going beyond the introductory 
steps in anatomy, however — either into the various .fields of applied 
subjects, such as pathology and horticulture, or into any field of the pure 
science — a complete understanding of morphological modification and 
variation can be obtained only through the consideration of the phy- 
logenetic history of the structure in question. 
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The book does not pretend to present the historical development of 
our knowledge of the field, or of any phase or part thereof; nor are the 
contributions of prominent students brought out as the work of indivi- 
duals. The present status of knowledge and opinion is made the first 
aspect of treatment ; secondarily, other viewpoints are considered . Chap- 
ter XV, however, outlines the history of the subject, and deals briefly 
with the contributions of some of the earlier prominent students of 
anatomy. This historical sketch is placed at the end of the book, since 
the beginning student may best make use of it only when he has acquired 
an understanding of the subject matter. 

Owing to the state of confusion which exists in the terminology of 
anatomy, it has in man}^ cases been necessary to evaluate the different 
uses of terms. For use in the book, those terms have been accepted 
which seem best on a basis first of morphological usefulness and secondly, 
of priority; in a few instances the history and the use of a term are briefly 
discussed. 

Since the book is primarily an elementary text and not a text for 
research reference nor for the use of advanced students, the bibliography 
has been kept at a minimum. After each chapter there are listed a few 
of the more recent and more important books and articles — and some- 
times those valuable for their own bibliographies — dealing with the sub- 
jects discussed in that chapter. By reference to these, students may 
obtain longer lists. Such a method of citation naturally often excludes 
the older, “classic’^ treatments. To the first chapter is appended a list 
of texts which are generally useful for some or for many phases of the 
subject. Eeference to these texts is not repeated after the various chap- 
ters, except in a few cases where the book in question deals particularly 
with the subject matter of a chapter. 

The common names of plants have for the most part been omitted 
from the text. They may be sought in the index, as such, and also under ■ 
the generic names with which they are associated. 

In present-day botany, the terms “ anatomy and histology are 
often loosely used. To many botanists the study of the inteimal struc- 
ture of plants is unfortunately known as histology. This is doubtless 
due in part to the fact that histology deals with the structure of cells and 
tissues— internal structure meaning this and little more — and in part to 
the fact that the grosser internal structures, such as steles and traces, have 
been consistently neglected in courses in “histology.” The study of 
these features of grosser internal structure, and sometimes of those of 
external make-up also, have been looked upon as “anatomy.” Anatomy, 
however, deals with the structure of organisms, structure both gross and 
minute, external and internal. Histology, which deals with the minute 
structure of organisms, is, therefore; a part of the broader field of ana- 
tomy. An understanding of the structure of a plant obviously cannot 
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be obtained from the study of minute features alone. Thus, a treatment 
such as is here presented is anatomical rather than histological, and the 
book is, therefore, a text in Plant Anatomy. 

In so far as the treatment in its histological aspects deals with the 
structure of cells — especially wherever the protoplast is concerned — it 
enters the field of cytology; and cytology in recent years has become an 
independent division of biological science. Cytological aspects of ana- 
tomy, therefore, need not be considered, and have been omitted from the 
discussion except in so far as they are essential to histological study. 
An arbitrary limit has necessarily been set to the description of the cell. 
The protoplast is very briefly discussed, except for the paragraphs on 
plasmodesma, plastids, and cell inclusions; nuclear division is omitted 
since it is ordinarily taught in first courses in botany, and again in greater 
detail in cytology. The wall, however, which, aside from aspects of 
origin and early development, is usually considered by cytologists as a 
histological feature, is more fully treated. 

The illustrations have in large part been made directly from the ma- 
terial itself. The explanation of the figures is placed chiefly in the leg- 
ends. With a few exceptions, the drawings are the work of the authors 
themselves and of Mrs. Rita Ballard Eames to whom the authors are 
greatly indebted for invaluable assistance and suggestions. The helpful 
criticism of their colleagues the authors also desire to acknowledge. 

A. J. E. 

L. H. M. 

Ithaca, New York 
July, 1925 . 
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'‘I know it will be difficult to make observations of this kind 
upon the Or ganical Parts of Plants, severally. . . . For what we 
obtain of Nature, we must not do it by commanding, but by court- 
ing of Her ... I mean, that where ever Men will go beyond 
Phansie and Imagination, . . . they must Labour, Hope and 
Persevere . . . And as the means propounded, are all necessar}^, 
so they may, in some measure, prove effectual. How far, I promise 
not; the Way is long and dark . . . If but little should be 
effected, yet to design more, can do us no harm: For although a 
Man shall never be able to hit Stars by shooting at them; yet he 
shall come much nearer to them, than another that throws at 
Apples , — Nehemiah Grew, The Anatomy of Plants, 1682. 


AN INTRODUCTION TO PLANT 
ANATOMY 

CHAPTER I 

GENERAL STRUCTURE OF THE PLANT BODY™-AN OUTILNE 

Among vascular plants there is very great diversity in size, form, and 
structure; yet, underlying the variations in form and the complexities 
in structure in the plant body, there is a simple, uniform, structural 
plan. The body consists fundamentally of a cylindrical axis which bears 
lateral appendages. The more or less free branching of the axis and the 
variety and complexity of the appendages, however, often conceal this 
simplicity of plan. 

Fundamental Parts of the Plant Body. — The axis, though a continu- 
ous structure, consists of two parts, different structurally and physiologi- 
cally, and clearly morphologically distinct: that portion which is normally 
aerial is known as the sterrij and that portion which is subterranean is 
called the root (Fig. 1). The appendages are of three ranks. Those 
into which pass strands of vascular tissue may be said to be of the first 
rank, and are known as leaves. Appendages of this type are characteris- 
tic of the stem and do not occur on the root. They are arranged in a 
definite manner, and bear an intimate structural relation to the skeleton 
of the axis. The leaf may be looked upon from the standpoint mf the 
present treatment as a lateral expansion of the stem, continuous with it, 
in the formation of which all fundamental parts of the stem are con- 
cerned. Only the outermost layers of the stem, the cortex and the epi- 
dermis, are usually present in appendages of the second rank. These 
are known as emergences; the prickles of the rose are a familiar example. 
In appendages of the third rank, projections of the outermost layer of 
cells only are present; these form hairs. Emergences and hairs occur on 
both axis and leaves, usually without definite arrangement. 

The Axis. — The axis itself consists of a central core with a surround- 
ing, ensheathing layer. Thiskcore serves chiefly the important functions 
of conduction* and support; it contains the vascular tissue and the larger 
part of all the supporting and conducting cells of the mature axis. 
Because of its shape and its position in the axis, this central unit mass is 
known as the central cylinder^ or stele (^ig. 2)., The surrounding layer. 


2 


AN INTRODUCTION TO PLANT ANATOMY 


which serves for protection, support, storage, and for other purposes, is 
the cortex; the outermost layer of cells is the epidermis. 

The Stele. — Primarily, the stele is composed of vascular tissue of 
two types: that which conducts water and other substances aiisorbed 
from the soil, the xylem; and that which carries the food (and possibly 
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Fig. 1. — Diagram of plant body, showing fundamental parts. 


mineral nutrients), the 'phloem, Xylem and phloem nearly always occur 
together, usually side by side radially, the phloem outermost (Fig. 2). 
These tissues together may form a solid rod, a hollow cylinder, a sheath 
of more or less symmetricaily placed strands (Fig. 56), or a group of 
scattered cords (each consisting of xylem and phloem). Where the 


r? ■ : 






GENERAL STRUCTURE OF THE PLANT BODY— AN OUTLINE ' 3 


arrangement of the vascular tissues is such that they enclose tissue of a 
different type, usually soft and loose, a central portion, the fith, is set 
off. Outside the external conducting cells and forming the outermost 
part of the stele are a few layers of non-conducting cells, the pericyde. 
The pericycle is usually limited externally by a definite uniseriate sheet of 
cells of peculiar structure, the eTidodermis. The vascular core is thus 
ensheathed by the pericycle in a way similar to that in which the stele is 
enveloped by the cortex. 
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Fig. 2. — Diagram showing structure of axis. A, transverse section. B, longitudinal 

section. 

Primary and Secondary Growth. — An axis complete in all the 
structural features above mentioned and with complete appendages is 
built up by growth at the growing points, situated at the tips of the axis. 
This first-formed body is known as the primary body, since it is^ built 
up by first, or primary, growth. Its tissues are, for the same reason, 
known as primary tissues; for example, the first-formed xyiem is called 
primary xyiem: ■ In many vascular plants the primary body is reinforced 
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by a different sort of growth, which because it Ix'gins later and adds to 
the original primary tissues is called secondary growHi. Tlu5 tissues thus 
formed are termed secondary tissues. Sccondaiy growth docs not usually 
form new types of cells, but merely increases the l.nilk of the ]dant, espe- 
cially of the vascular tissues, providing new conducting cells and addi- 
tional support and protection. It does not fundamentally change the 
structure of the primary body. Primaiy growth increases the length of 
the axis, laying down its branching system and adding its appendages; 
that is, it builds up the new, or young, parts of the plant body. After 
the parts thus formed have attained full size, additional increase in 
diameter is secured only by secondary growth. 

The secondary vascular tissues are formed by a specialized growing 
layer, the cambium, which arises between the primary xylem and the 



Fig. 3. — Diagrammatic sketch of a cylinder of wood, to show transverse, radial, and 

tangential planes of section. 

primary phloem, and lays down new xylem and phloem adjacent to 
these. The secondary masses of xylem and phloem lie, therefore, entirely 
within the central cylinder and between the primary phloem and primary 
xylem. The newly formed xylem cloaks and ultimately completely 
surrounds the primary xylem and the pith, not changing the primary 
structure within, but burying it intact. The primary phloem and all 
other tissues outside the cambium are forced outward by secondary 
growth and may be ultimately more or less distorted or destroyed. The 
primary growth of a given region is completed in a relatively brief period, 
whereas secondary growth continues for a longer time, and in perennial 
axes may persist indefinitely. 

Constitution of the Plant Body.— The root, stem, and leaves of a plant 
constitute tits organs. These perform distinct, general functions for 
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whicli they are adapted by the kinds, proportion, and arrangement of the 
tissues of which they are composed. The tissues have more restricted 
functions, which are determined by the kinds of cells which constitute 
them. The plant body thus consists of cells, which are aggregated to 
form tissues, and these, in turn, are grouped together to form organs. 

Methods of Studying the Anatomy of the Plant.— The minute 
structure of the plant body is learned chiefly from thin sections and from 
macerations in which the individual cells are freed from one another. 
For the adequate comprehension of the complex structure of most parts 
of the plant it is necessary that study be made of sections cut in more 
than one plane. For the axis — a cylindrical structure — ^three planes, 
each at right angles to the other two, are most useful; of these one is 
transverse to the long axis, the others parallel with the long axis, that is, 
longitudinal. Of the two longitudinal planes, that dividing the cylinder 
radially is the radial plane, and that at right angles to the radial plane is 
the tangential plane (Fig. 3). Sections cut in these planes are known as 
transverse (or cross), radial, and tangential sections respectively. 

General References in Plant Anatomy (for use with all chapters) 

Bonnier, G., and Leclerc du Sablon. Cours de botanique. Paris. 1905, 

De Bary, a. Comparative anatomy of the phanerogams and ferns. Engl, transl. 
Oxford. 1884. 

Haberlandt, G. Physiological plant anatomy. Engl, transl. of 4th Germ. ed. 
London. 1914. 

. Physiologische Pfianzenanatomie. 5th Germ. ed. Leipzig. 1918. 

Jeffrey, E. C. The anatomy of woody plants. Chicago. 1917. 

SoLEREDER, H. Systematic anatomy of the dicotyledons. Engl, transl. Oxford. 
1908. 

Stevens, W. C. Plant anatomy. 4th ed. New York. 1924. 

Strasburger, E. Histologische Beitrage. III. Jena. 1891. 

Tschirch, a. ^Angewandte Pflanzenanatomie. Wien. 1889. 

Van Tieghem, P. Traite de botanique. Paris. 1891. 
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Plants and animals are made up of living substance, protoplasnij and 
its secretions, the body of an organism being fundamentally a proto- 
plasmic structure. This body is of complex organization in that, except 
in the simpler forms, it consists of many more or less independent parts 
or units. These parts, which are clearly units both of structure and of 
function, are termed cells. The structural distinctness of the cell — in 
plants especially— is due in large part to the presence of an outer layer, 
or coat, the cell wall, in plants usually firm, and often hard and thick; 
in animals, delicate or in some tissues perhaps lacking. The functional 
distinctness of the cell depends in part upon the presence and properties 
of an outer, limiting layer of specialized protoplasm lying Just within the 
wall, the plasma membrane. The cell wall closely invests the proto- 
plasmic unit, thus separating the protoplasm of one cell from that of 
adjacent cells. This separation is incomplete, however, since very minute 
perforations occur in the wall. Through these perforations extend pro- 
cesses of protoplasm, plasmodesma, which secure the continuity of 
the living matter of one cell and that of contiguous cells. The proto- 
plasmic body of an organism is thus a continuous living system, though 
its individual parts, the cells, are definitely set apart by cell walls. 

Uses of the Term “CelL’^ — The term “celP^ has, in its different uses, 
sometimes included and sometimes excluded the cell wall. As under- 
stood by the early students of plant anatomy, cells were the boxes’^ 
formed by cell walls; these were seen only when the walls were thick and 
visible at low magnification, and contents were unknown.* Later it was 
found that such a cell may have a living, ' protoplasmic content, the 
protoplast. When the protoplast was recognized as the essential part 
of the cell, the part concerned with the vital activities of the organism, 
attention was turned to this structure as ^'the cell.” Because of this 
recognition of the protoplast as the fundamental unit, the term ^^cell” 
has since been used by many students to designate the protoplist alone. 
Perhaps in the more common sense, , however, the term implies proto- 
plast plus wall, these together constituting the obvious unit of structure, 
a unit for which there exists no term if ''cell” is restricted in use to the 
protoplast alone. The term further applied even to units of wall alone, 
as, for example, to, , The application of the term in this 
’w:ay is, of th^^^ptotbp^^ since in 
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such cases the protoplast has disappeared, leaving within the walls a 
cavity, the lumen. The use of the term ^^cell’^ to indicate both proto- 
plast and wall is desirable in view of the intimate relation of the proto- 
plast and wall — a relation the closeness of which is not yet understood, 
it being possible that the wall of a living cell is not merely a non-living, 
external secretion of the protoplast, but is itself partly protoplasmic in 
nature — and in view of the difficulties of expression otherwise involved. 
Such an understanding of the term is, of course, less strict than that 
underlying the frequently used definition of the cell as “an organized and 
more or less independent mass of protoplasm constituting the structural 
unit of an organism.” Nevertheless, from the standpoint of anatomy, 
the term is better used in the looser and more comprehensive sense; it 
is so used in this text. 

Cellular Complexity of Plants. — The primitive organism was doubtless 
• unicellular, or, in a sense, non-cellular, and probably without an 
enclosing membrane or wall. The larger body of more advanced types 
is multicellular and the cells are limited by walls. The walls perhaps 
separate regions of activity of individual nuclei but certainly serve 
also for protection and support to the individual protoplasts and to the 
entire organism. Apparently, this walled condition is of^ great impor- 
tance in large plant bodies both from the standpoint of mechanical 
stability and that of physiological delimitation. Clearly, adaptation to 
a terrestrial and aerial habitat and the maintenance of a large body 
under conditions unfavorable to protoplasm, have resulted in the special- 
ization of the cell along various lines, especially those involving elabora- 
tion of the wall. Hence, there are to be found among higher plants 
many kinds of cells with much variety of function, structure, and arrange- 
ment, and with a great deal of complexity of wall structure. Variety, 
both structural and functional, of kind of cell; variety of relation of 
cells to one another; variety of arrangement of cells and of systems of 
cells with relation to one another and to the body as a whole — these give 
.great cellular complexity to the more highly organized plants. It may 
be said, indeed, that in a general way the higher the plant, phyloge- 
netically, the more complex its cellular structure. 

Cell Arrangement. — Regularity of arrangement of cells is charac- 
teristic of tissues formed by growth from a cambium or from a similar 
meristeim that is, of so-called secondary tissues (Figs. 79, A ; 80, A; 92, JS). 
On the olher hand, the cells constituting primary tissues tend to be with- 
out definite symmetrical arrangement (Figs. 43, 115). There are certain 
marked exceptions, however, to these statements. Regardless of 
regularity or irregularity of arrangenaent and of the method of origin, 
a group of cells may be compactly arranged, forming a close tissue 
^ continuous in one or more' planes, or they may be more or less free from 
^ on#$nother, with the resulting formation of intercellular spaces between 
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them (Figs. 30; 124; 132, 5, D). Such spaces vmy in shape with the 
shape and to’angement of the surrouiuling cells; in continuity; in al;)uii- 
dance; and in size from microscopically minute openings to very large 
spaces which render the tissue in whichdhey lie loose, spong\^, and light 
(Figs. 139, C, D ; 140, .4). Such large intercellular spaces are often known 
as air chambers j canals ^ lacunae j etc. These terms are applied rather 
loosely, the larger spaces being called chambers and the inuch elongated 
ones canals. Spaces formed by the separation of walls followed by the 
retraction of the separated parts, or by spatial movements of the cells, are 
said to be schizogenous; for example, the resin canal of Pinus (Fig. 40, 
B)j and the spaces of the aerenchyma of Decodon (Fig. 140, C): others, 
developed by the destruction of cells formerly occupying the position 
of the cavity are called lysigenous; for example, the oil cavities of citrus 
fruits (Fig. 40, F), In some cases cavities are formed by a combination 
of these two methods, and have been called sckizolijsigenoiis (Fig. 48, C, 
D). Some protoxylem lacunae are of the latter type. The intercellular 
spaces of a region may be without uniformity in size and shape, or in 
arrangement of the cells surrounding them; they may, on the other hand, 
form definite structural features of a tissue or organ because of the 
development about them of specialized limiting or supporting ^‘ walls,^^ 
or layers of cells, such as the diaphragms of many aquatic plants. In 
most cases intercellular spaces appear to form definite s^nsterns and to 
constitute, perhaps, functionally conducting or aerating systems. 
Special types of intercellular space systems form ducts and canals (Chap. 
IV) with cells regularly arranged about them forming a sort of epithelial 
lining. 

Cell Shape, — Because protoplasm is of semifluid nature, cells when 
free and independent tend to be spherical. But vrhere young cells of 
essentially the same age lie together and grow in size, mutual contact and 
compression render them polyhedral with diameters and sides nearly 
alike. Further growth toward individual or group specialization for 
definite function leads to great variety in form — ovoid, ellipsoid, cylindri- 
cal, tabular, prismatic, lamelliform, fiber-like, and stellate or otherwise 
lobed or branched. There are, however, two chief types, the sub globose, 
or polyhedral, with diameters equal or only slightly different; and the 
elongate, with one diameter many times that of the others. Transitional 
types are, of course, numerous. 

Cell Size. — -In size also cells vary greatly; and size, like shape, is in 
part related to function. Extremely’ small cells do not occur among the 
higher plants. Parenchyma cells serving the usual functions, with 
normal protoplasm, have a transverse diameter of 0.01 to 0.1 mm. 
In pith, fleshy fruits, etc., the diameter of parenchyma cells may reach 
.1 mm. or more, and the cells then become readily visible to the naked eye. 
Fibers of wood and phloem range in length chiefly from 1 to 3 mm. in 
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the angiosperms, and from 2 to 8 mm, in the gymnosperms; cortical and 
pericyclic fibers are often much longer, and are, partly because of their 
considerable length, of particular economic importance, as, for example, 
those of flax and hemp. Fibers of excessive length — 20 to 200 mm., and 
even much longer- — occur in the Urticaceae and in certain monocoty- 
ledons. The largest cells known are latex cells of the type which form 
branching systems throughout a plant body (Chap. IV). Such cells, 
however, may not be individuals morphologically, since they are coeno- 
cytic and continue to grow almost indefinitely. Latex vessels are series 
of ontogenetically united cells. 

Cell Development— All cells are formed from preexisting cells — or 
from nucleated protoplasmic masses — by division. Cell division is a 
complex process during which the nu- 
cleus and cytoplasm are each divided 
into two parts, usually equal and 
alike. In this division the wail is not 
directly involved. In the newly 
formed cells the plasma membranes 
are not readily distinguishable, and 
hence a visible plane of separation is 
at the very first lacking or scarcely 
detectable. Very early, however, the 
new wall appears along this plane as 
a delicate membrane. Thus, cells 
while still very young, are provided 
with walls. Such young cells are 
nearly always smaller than mature 
cells, and are of more uniform size 
and shape, usually isodiametric, and 
very simple in structure. Elabor- 
ate shape, coniplex structure, and 
very large size are not to be found 
among young ceils. Growth of cells, therefore, involves increase in 
size and the development of special shape and structure. Since the 
wall is present from a very early stage, both protoplast and wall are 
involved in these changes. The protoplast, as the active part of the 
cell, initiates the changes, the wall becoming adapted to the changing 
protoplast: While changes in si:?5e and shape are taking place, the 
physical and chemical nature of the wall is such that these accommoda- 
tions are readily made; only after cell maturity is attained is a fully 
developed and unchanging wall present, In^the maturing of the proto- 
plast many changes occur. These are, briefly, the reduction of the pro- 
portionate size of the nucleus; the development of less dense or less 
, richly granular cytoplasm; the appearance of vacuoles which increase in 



Fig, 4. — Diagrammatic representation 
of mature mesophyll cell opened to show 
central vacuole (filled with cell sap), nu- 
cleus and plastids embedded in the peri- 
pheral cytoplasm; wall thin. (Based on 
Zea.) 
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size, and, in most cases, ultimately fuse to form one large central vacuole 
which restricts the cytoplasm to a peripheral position adjacent to the 
wall ; the increase of plastids in size and number, and the development of 
special types of these structures (Figs. 5; 6, A-C; 25, A-C), 

Gliding Growth. — With the growth of the protoplast in size, the wall 
is increased in extent and thickness (p. 23). In the attainment of 
certain cell shapes and sizes (fiber and branching types especially) the 
walls of the growing cells, or certain portions of the walls, slide over one 
another. This sliding or gliding growth begins with the splitting of the 
primary wall into the portions belonging to each of the contiguous cells 
and is followed by a slipping along the plane of separation. Such move- 
ment results in the displacement of certain parts of a cell, or perhaps in 
some cases of the entire cell, in relation to the abutting cells. New areas 
of contact are established, and in many cases these areas are between 
cells not originally contiguous. Movement of this type should not be 
confused with spatial displacement resulting from enlargement of 
tissues in meristematic growth. Gliding growth may accompany such 
changes in position, as in the dislocation and distortion of tracheids by 
vessel enlargement in the ontogeny of secondary wood. 

Gliding growth is a characteristic feature of developing tissues of 
vascular plants. It occurs in the maturing of tracheids and fibers from 
cambium cells, where the elongation of the tapering ends (Fig. 74), or 
perhaps of the entire cell, pushes the ends farther betw’^een the adjacent 
cells (Figs. 73, 76). Elongation of maturing fibrous cells of various 
types by gliding growth brings about greater overlapping than was 
present in the very young cells, and interlocks them strongly, adding 
greatly to the mechanical value of such cells as strengthening elements. 

A THE PROTOPLAST 

y The cell may be considered to be separable both structurally and 
functionally into the central protoplasmic unit, the protoplast^ and 
the surrounding membrane, the cell wall. The protoplast is the cellular 
unit of the body of protoplasm which fundamentally constitutes the 
organism. This living substance, protoplasm, as now understood, 
is not a definite compound, but consists of a number of compounds in 
complex organization. These compounds are colloidal in nature and 
vary both in kind and in proportion in different plants and in different 
tissues in the same plant. The protoplast may be further described 
as an organized protoplasmic unit which contains specialized portions 
of various kinds, and also non-living inclusions^ organic or inorganic, 
such as starch grains, oil globules, protein granules, and crystals of many 
kinds. These non-protoplasmic inclusions are sometimes considered 
not to be a part of the protpplasfe . Ho aside from the possibly 

intimate relation of these substances, to the physiological activities of the 
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protoplast, they constitute, if only as inclusions, a part of the protoplast 
as a structural unit. The cell wall is usually considered as definitely 
distinct from the protoplast; that such may not be the case, however, 
is possible. In the discussion of the nature of the wall (p. 19), this 
aspect of cell structure is further treated. 

Organization of the Protoplast. — The protoplast possesses in nearly 
all cases a very highly organized part, nucleus (Figs. 4, 5). This is 
proportionately small, more or less rounded in shape, and apparently 
functionally of the greatest importance in the activities of the cell. To 
the remaining portion of protoplasmic material the term cytoplmm is 



Fig. 5 . — The development of a mesophyll cell in Zea. A-F, successive stages; the 
nucleus decreases in proportionate size; vacuoles appear, enlarge, and fuse; chloroplasts 
develop from proplastids. (After Randolph.) 


given. ' This itself has portions of different degrees of specialization which 
are given over to segregated functions. 

The Plasma Membrane. — A thin, outermost layer of the cytoplasm 
differs from the remainder in its hyaline and non-granular nature, and 
also is apparently very different in function. This is the plasma mem- 
brane, or ectoplast (Fig. 11). In the living, unplasmolized cell this layer 
is not readily visible, owing to its delicacy and lack of distinctness as a 
layer, and to its close association with the wall. (It is not shown in 
Figs. 4 and 5.) - 

The Plastids. — The more conspicuous portions of tlie cytoplasm are 
the These are differentiated bits of protoplasm^ — organs, 
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or areas of metabolic activity associated with particular funotioiis. 
In size they are small, and generally many occur in a cell (Figs. 4, 5, 7). 
In shape they are variable, but the roughly rounded types are most 
common. Spherical, ovoid, discoid, gi’anular, roddike plastids all occur 
frequently; very large plastids of peculiar shape are present in many of 
the algae. 

Occurrence. — Plastids may be found in all living cells of a plant, and 
probably are present in every cell in the early stages of development. 
Later they become restricted to certain cells, and are abundant only in 
those which have specialized functions, such as photosynthesis, storage, 
and color manifestation. Plastids do not occur in the fungi, bacteria, or 
myxomycetes, and only rarely in animals. 

Origin and Structure. — Plastids multiply freely by division, and in this 
way the large numbers present in some cells are in part secured. Plastids 
are present in very young meristematic cells (Fig. 5, A), where they are 
very minute, the smallest being at the limit of microscopic visibility. 



Fig. 6. — A-C, diagram of a plant cell in three successive stages of developinent: the 
vacuoles increase in volume and fuse and the cytoplasm becomes limited to the parietal 
region. £>, cell of stamen hair of Tradescantia, indicating direction of streaming move- 
ments in the cytoplasmic strands. E, parenchyma cell from cortex of PolygoncUa, showing 
nucleus, plastids, and scanty cytoplasm. (After Sharp.) 

At this stage they have been called proplastids. Commonly plastids 
multiply by division when mature or nearly so. Possibly, multiplica- 
tion by division takes place also at the proplastid stage, or at a stage still 
earlier. New plastids arise freely from preexisting plastids. Whether 
or not plastids also arise de novo from protoplasm is uncertain because 
of the extreme difficulty of observing proplastids. In structure, the 
plastid consists of a foundation of protoplasm, very loose and mesh-like 
in some forms, dense and compact in others. In this there are contained 
various complex substances, often highly colored, in the form of crystals, 
granules, globules, or in solution or suspension in the protoplasm itself. 

Types of Several fairly distinct types of plastids occur, but 

all are of similar nature. They fall into two chief classes, distinct in 
function and color: chromoplasts, colored plastids; and leucoplasis^ 
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colorless plastids. .The term chromatophore is sometimes used as synony- 
mous with chromoplast; but since this term has several somewhat different 
meanings— a non-green chromoplast, a highly specialized chloroplast, 
etc.— the term chromoplast is preferable. 

CAromoptoste.— Physiologically, the most important type of ehronio- 
plast is the chloroplast. These plastids are green and mostly spherical 
or discoid (Figs. 4; 5, F), and constitute the well-known photosynthetic 
“organs.” In some eases, as in the brown and red algae, the green color 



Fig. 7. — Plastids. Cliromoplasts: .A, in cortex cell of root of in pulp cells 

of fruit of Arisaenia; D, in cell of petal of Forsythia; E, m pulp cells of fruit of Lyco2)ersicu7n; 
F, in cell of corolla of Taraxacum. Leucoplasts: (7, in endosperm cells of Zea. 

of the chloroplast is masked by the presence of other pigments. The 
other chromoplasts range in color from yellow to red, and in shape are 
very variable, being chiefly irregular. Granular and angular types are 
common, and even forked types occur (Fig. 7, -4, 5, D, F). The 
irregular and sharp-pointed characters are largely due to the presence of 
crystals of coloring matter within the plastids, as in Daucus (Fig. 7, 41). 
The function of these chromoplasts is obscure. They are, of course, 
color bearers in flowers and fruits, but they occur also in other regions 
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where eolor in itself serves no apparent funetionj as in the root of the 
carrot. In flowers and fruits they have not been shown to be of value in 
metabolism. 

Leucoplasts , — The term leucoplasts is commonly applied to all color- 
less plastids. The minute plastids of this type which occur in ineriste- 
matic cells represent the early stages of other types of plastids. These 
are better known as proplastids, the term leucoplasts being reserved for 
mature colorless plastids. Leucoplasts vary in shape, being frequently 
elongate and rod-like. They are concerned with food storage and 
possibly with other functions. The type of leucoplast associated with 
starch-grain formation in storage regions is known as amyloplast (Fig. 
7, C). The leucoplasts of hairs and of other epidermal cells are probably, 
in part at least, degenerate or dormant plastids of other types. 

That all plastids are alike in nature is clear from the readiness with 
which they are transformed one into another. For example, the chloro- 
plasts of young fruits and of developing petals may become the 
chromoplasts of the ripe fruit and of the mature flower respectively; the 
leucoplasts of a potato tuber become chloroplasts on exposure to light. 

Occurrence of Plastid Types. — Chloroplasts may occur in any part 
of a plant which is exposed to the light; they also occur in some tissues 
which are apparently without light, such as the wood of many Roaaceae 
and Ericaceae, and in embryos and endosperm, as in the seeds of some 
citrus fruits. Red and yellow chromoplasts likewise may occur in any 
organ of the plant, and their presence is not related to the presence 
of light. They are chiefly to be found, of course, in flowers and fruits. 
Leucoplasts occur chiefly in parts not exposed to light. 

Further statements concerning the distribution and the function of 
plastids are to be found in the discussion of various tissues, tissue systems, 
and organs, such as collenchyma, the cortex, and the petal. 

Other Cytoplasmic Structures. — Many protoplasmic bodies smaller 
than plastids occur 4n cytoplasm; these are known as chondrioso^nes, 
mitochondriay etc. Some of those known as chondriosomes are pro- 
plastids. The nature and the distribution of these smaller cytoplasmic 
structures, however, lie outside the field of the present treatment. 

Vacuoles. — The cytoplasm of mature cells contains one or more large 
cavities known as vacuoles. Conspicuous, cavities are not present in 
very young cells, but develop as the cell matures, appearing as one or 
several very small cavities and enlarging and fusing until in the mature 
cell there is usually one large central vacuole which restricts the cytoplasm 
to a thin layer lining the wall (Figs. 4; 6, C). The nucleus, plastids, and 
most inclusions are contained in this peripheral layer. Frequently 
strands of the cytoplasm extend from the outer layer as irregularly 
. anastomosing branches through the central vacuole; in such cases the 
nucleus may occupy a median position in the cell 
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Cell Sap. — Vacuoles are filled with cell sap, usually a clear, watery 
liquid. This liquid is non-protoplasmic, and consists of water with 
various substances in solution — ^inorganic salts, carbohydrates, proteins, 
amides, alkaloids, pigments, etc. These substances may be mineral 
hutrients, elaborated food, waste products, or substances of unknown 
relation to metabolism. The significance in the physiology of the cell of 
these substances dissolved in the cell sap is not well understood, but it is 
highly probable that they are intimately concerned with the cell organiza- 
tion. The group of pigments known as anthocyanin is frequently 
present in the cell sap, and is responsible for the coloring of plant parts 
which ranges through violet, blue, and blue-red, the color varying with 
the acidity or the alkalinity of the cell sap. Dissolved xanthein renders 
the cell sap yellow in a few cases, but yellow coloring is usually given by 
chromoplasts. 

Autumn coloring is not due primarily to the presence of chromoplasts 
or of anthocyanin. The yellows are due to broken-down chlorophyll 
and disorganizing plastids and cytoplasm, the reds to the presence of a 
pigment said to be formed in the presence of light from sugars and the 
products of chlorophyll disintegration. Other colors are the result of 
various combinations of yellows and reds with the green of chlorophyll, 
the brownish color of the changing cell walls, and with other colored 
subsjc^nces. 

'^Inclusions of the Protoplast. — Many kinds of solid particles, organic . 
and inorganic, as well as such substances as oils, gums, resins, etc., are 
frequently present within the protoplast, either in the cytoplasm or in 
the vacuole. These represent, like the dissolved substances, food prod- 
ucts, such as starch and aleurone grains; waste products, such as 
crystals; and other substances of doubtful or unknown function, such as 
tannin, latex, alkaloids, etc. Guins, resins, tannin, etc. are often present 
in the lumina of non-living cells; for example, in the heartwood of Sequoia 
(Fig. 80) and Svnetenia, and in cork cells of other trees. Some of these 
substances, as, for example, starch, occur in most plants; others are 
characteristic of certain large or small groups of plants, and are lacking 
in others. 

Crystals , — Crystals of various chemical nature occur freely in plant 
cells; of these, salts of calcium, chiefly calcium oxalate, constitute the 
majority. Crystals of other salts of calcium, and of various other inor- 
'ganic substances, such as silica and gypsum, occur less frequently; and 
crystals of many organic substances, such as carotin, berberin, and 
saponin, are frequent. All parts of, the plant may contain crystals, 
though these structures are more abundant in certain regions, as in the 
pith, cortex, and phloem, than in others. There are many forms of 
crystals (Fig. 8).. Of these, solitary, rhombohedral crystals, sheaf-like 
bundles of long acicular crystals known as rapMdes (Fig. 8, and 
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Fig. S. — Crystals. A, druse in cortical cell of stem of Viburnum Lentago. B, druse 
and rhombohedral crystals in stone cells of nutshell of Carya glabra. C, solitary and 
grouped crystals in pith cells of Populus grandidentata. D, druse in cortical cells of Carica 
Papaya. B, “bundles” of raphides in pulp cells of fruit of Smilacina racemosa. F, druse 
with organic center, in phloem parenchyma cell of Juglana nigra; C, H, longitudinal and 
transverse sections of crystal in wood parenchyma of Carya Pecan; /, J, longitudinal and 
, transverse sections of crystals, in wood parenchj^ma of Juglam nigra; K, L, longitudinal 
and transverse sections of crystals in phloem parenchyma of Tilia americana; M, various 
forms of crystals in phloem parenchyma of Pyrus Malm; N, rhornbohodral crystals in 
phloem parenchyma of Salino nigra. ; s - 
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clustered crystals in globose masses called druses (Fig. Sy.A, B, D, F) are 
most common. Solitary needle-like crystals, small prismatic crystals, 
and minute crystals called crystal sand are other frequent types. 

One form of crystal may occur in a given cell — the usual condition 
where crystals are clustered — or two or more types ma^?' be found in the 
same protoplast. Many inorganic crystals involve organic matter in 
the course of their formation. The larger crystals of xylem often show 
this condition (Fig. 8, G, H, X, L), and druses frequently contain a promi- 
nent organic center (Fig. 8, F). 

The large crystals of somewhat various shapes — prismatic, rhomboid, 
etc.— occur chiefly in fibers of xylem and of phloem and in parenchyma 
cells associated with fibers. Raphides occur in thin-walled, mucilage- 
containing parenchyma cells of soft tissues, such as storage parenchyma 
of underground parts, fruit pulp, and the tissues of aquatic plants 
generall}^ They are present in monocotyledons chiefly. Druses are 
characteristic of parenchyma cells of cortex and pith, especially of stems 
and petioles; they also are abundant in phloem. 

Crystals lie chiefly in the protoplast, or in the lumen when the proto- 
plast has disappeared, as in fibers. Occasionally, they are found 
embedded in the cell wall; more frequently they are suspended in the 
lumen by projections of the walls. These projections are beam-like; 
or are sac-like, completely covering the crystal and holding it in a 
central position. Large crystals may fill the lumen and in such cases 
determine the interior contour of the wall (Fig. 8, B) ; in elongate cells 
the lumen may be filled at a given level only (Fig. 8, (?, H). 

Cells may be given over entirely to crystal storage, and the protoplasts 
become much reduced or disappear, but typical active cells may also 
contain abundant crystals. The early stages of crystals are found in 
very young cells; thus, apical meristem often contains young druses. 

In large part, inorganic crystals are probably waste products, the 
result of metabolic processes. Their development in tissues which soon 
cease to be functional, such as pith, cortex, and secondary phloem, is 
suggestive of this. It is possible that raphides, where they occur in 
tissues filled with food and in aquatic plants which are otherwise mechani- 
cally unprotected, may be to some extent of protective value against snails 
and other small animals. 

Starch . — Food materials are present either as transitory material or 
in the more or less permanent form of storage particles. Newly formed 
food may be in solution or exist as solid particles. Starch grains are the 
most common kind of solid food material found. They are of numerous 
types and vary in size and in form over a considerable range (Fig. 9, R, C, 
D, Ey G, H). In shape they are mostly rounded or oval. ^Crowding, 
results in the formation of angular lhapes (Fig. 30, JS), and symmetrical, 
polyhedral grains are characteristic of some plants. Other plants 
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possess compound grains which much resernble simple grains, but show 
their compound nature when broken up into parts which are minute 
simple grains. All grains in a cell may be simple or compound, or both 
types may occur in the same cell (Fig. 9, D). Structurally, starch grains 
consist of a series of roughly concentric layers around a more or less 
central portion of somewhat different nature, the Mlimi, The layering 
varies greatly in distinctness, being usually obscure. The hilum is 



Fig. 9. — Starch grains and tannin. Tannin: A, in phloem parenchyma of (also 

crystals) ; P, in pith cells of Fragariu; //, in ray cells of wood of Pyrus Malus (also starch 
grains). Starch grains: B, in pith cells of Alsophila; C, in outer pericarp of Musa; jD, in 
cotyledon of Pisum; P, in ray cell of phloem of Ailauthus; in cotyledon of Phaseolus. 

rounded or angular, sometimes lobed, forked, or stellate, and is highly . 
refractive to light. By the presence of hila and by staining properties 
starch grains may be distinguished from plastids and other protoplasmic 
bodies, and from other solid particles. 

Starch grains are first formed within chloroplasts and may often be 
found in that position pleucoplasts in storage cells build up starch grains , 
within themselves from translocated food brought from green cells. ' 
Starch grains are , thus fprmed both primarily and secondarily within 
plastids. It is not known with certainty whether, when a grain is mature, 
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Fig. IQ.- — Aleurone grains in endosiierm of Zea. 


it is freed from the plastid, or is still surrounded by a very delicate Jayer of 
plastid substance. 

Nitrogenous Inclusio7is. Solid nitrogenous particles such crystal'- 
loids, or protein crystals, are frequent in seeds and in other storage organs, 
such as bulbs and tubers, as in the potato tuber; and aleurone grains are 
often found in seeds where defi- 
nite layers of cells are filled with 
them, as in the corn fruit (Fig. 

10). Crystalloids and aleurone 
grains are rare elsewhere. Tan- 
niferous bodies are abundant in 
many plants, especially in the 
cortex and phloem (Fig. Q, A, F, 

Jf). They occur chiefly in paren- 
chyma cells but may be found in 
other cells, such as those of collen- 
chyma and cork. To their abundance in the phloem of oak^ hem- 
lock, and other trees is due the value of the bark of these trees for 
tanning, Tannif erous bodies are small, granular, or rounded particles, 
often more or less fused in masses. Tannin may be mixed with or dis- 
solved in gummy or mucilaginous masses in the protoplast. Other solid 
or semi-solid substances, such as resins, gums, mucilages, fats, etc,, occur 
frequently. 

THE CELL WALL 

In vascular plants only certain cells concerned with reproductive 
processes and early embryology are naked. All others are enclosed by 
cell walls immediately after their formation. This wall, although at 
first very thin and delicate, is modified in various ways as the cell matures. 
The more important of these changes are increase in extent and in thick- 
ness, and modification of grosser physical structure, such as the absorption 
of the end walls of porous vessels. The presence of the wall, especially 
after the earliest stages of development, renders cellular structure in 
plants very distinct — a feature in strong contrast with the condition in 
animals where the walls are more or less obscure and the limits of the 
protoplast, therefore, less readily discernible. 

Origin and Nature. — The cell wall is commonly looked upon as a 
secretion of the protoplast, laid down upon its surface. Strictly as such, 
the membrane would be a non-living layer. Although this is the view now 
generally accepted, the opinion is held by some that the wall is, to some 
extent at least, composed of protoplasmic material, and hence is itself a 
portion of the living cell. Certain facts of structure and behavior of 
cells are at present more readily understood on this basis; others, how- 
ever, seem difficult of interpretation if the wall be a living adjunct of the . 
protoplast. Both conditions may of course exist. 
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Although when the protoplast was first recognized as the fundamental 
functional element, the wall was believed to be a layer of secreted material, 
the opinion that it is a structure primarily or partly living in nature 
soon replaced this early , view. This later view developed from studies 
of nuclear division and of the formation of spindle fibers and the cell 
plate, and persisted until the details of formation of the latter structure, 
and of its behavior in late stages of cell formation, were much better 
known. The cell plate is cytoplasmic in nature and the wall appeared to 
be a direct transformation thereof, and therefore fundamentally living- 
in nature. However, it is now generally believed that the cell plate 
splits, probably forming the plasma membranes of the daughter cells, 
and that the wall is laid down between them (Fig. 11). That this new 
wall is of double nature is not obvious in early stages, or even, in most 













A B C 

Fig. 11. — The development of the cell wall in a vascular x^lant, as described by Timber- 
lake and Allen. A,- telophase of mitosis in meristematic cell. B, appearance of swellings 
on the achromatic fibrils. C, fusion of the swellings to form an equatorial cell plate; 
fibrils disapjjearing. D, deposition of new primary waill (middle lamella) between the 
halves of the split cell plate; the two portions of the cell plate become the pdasma membranes 
of the daughter cells. FJ, deposition of a secondary wall layer between the plasma mem- 
brane and the middle lamella, except in the region of a large pit; the closing membrane of 
the pit has fine perforations. Primary wail drawn in solid black; cytoplasm stippled; 
plasma membrane densely stippled secondary wall shaded with lines. 


caseS; later; but when a group of cells begin to separate, ^‘rounding up” 
from meristem, or otherwise developing intercellular spaces, the early 
formed wall becomes clearly two4ayered and splits into two equal 
portions. There are a few cases where cell walls or portions of wall 
appear, though doubtfully, to be built up by transformation of cytoplasm 
either through replacement or by chemical change. 

The theory that the wall is composed of living substance was based at 
first upon this idea of transformation, the living material being gradually 
replaced by non-living, some of the former being retained, however, so 
long as the protoplast persists. In a wall of such mixed nature, the 
portions of cytoplasm persisting have been considered to form arneshwork 
in which lie embedded the particles (“granules,” “spherules,” “droplets,” 
“ dermatosomes,” “micellae ”) of carbohydrate or similar nature. Where 
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the protoplasinic content is small in amount, the meshwork is of cord-like 
strands; where it is large in amount, the meshes are merged into a semi- 
fluid mass suspending bits of non-living substance. A recent view 
maintains that the wall of a living cell is a colloidal network, the frame- 
work of which is of cellulose and hemicelluloses, the meshes containing 
projections of the protoplast which are intimately connected with the 
plasma membrane. Certain it is, whether the outer layers of the pro- 
toplast penetrate the contiguous cell wall or not, and whether the wall 
is in any degree a part of the living substance of a plant, that there is a 
most intimate relationship between the wall and both the cytoplasm and 
the nucleus during the formation of the wall. Particularly is this true 
during the increase in size and thickness and the modification of the wall 
substance. 

Plasmodesma. — The relation between cell wall and protoplast is 
rendered very close by the penetration of the wall by delicate threads of 
cytoplasm which pass through the wall between two cells, thus bringing 
into direct contact the protoplasts of adjacent cells. These fibrils, known 
as 'plasmodesma^ lie in minute passages which in most cells constitute the 
only breaks in the continuity of the wall (Figs. 12, 13). The presence of 
these connecting strands in plant cells generally and their distribution in 
the walls have been poorly understood and too little recognized, but it 
seems to have been clearly demonstrated that cytoplasmic intercommuni- 
cation is characteristic of living cells, or at least of all such as retain 
cellulose, or unlignified walls. The fact that these connections are so 
rarely seen and their presence so often doubted is without question’ due 
in most cases to their extreme fineness and to the need of special tech- 
nique for demonstration. Plasmodesma are most often seen in thick- 
walled cells, especially those of endosperm, where they are long and of 
comparatively large diameter (Fig. 12, 5, E). Aside from these cases 
they are said to be generally largest in mosses, somewhat smaller in ferns, 
and still smaller in seed plants. In some angiosperm genera, however, 
they are large, as in Viscum; whereas in others, such as Begonia, all 
attempts to demonstrate them in vegetative tissue have been futile. 
The failure to find them in such cases is probably due to their excessive 
fineness. In ferns and gymnosperms they have been clearly demon- 
strated in living cells throughout the plant. 

These connecting threads are now generally believed to be present 
from the beginning, probably arising in some manner soon after nuclear 
division. That they are persistent portions or derivatives of the spindle 
fibers is, however, very doubtful. That they are cytoplasmic projections 
secondarily perforating the delicate young wall seems not impossible. 
The number of plasmodesma in a young cell is very great. As the cell 
develops the nuniber may be reduced by the obliteration of part of the 
strands. The distribution over the cell is not uniform. The strands 
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occur in large part in groups, the distribution of which is determined l)y 
the shape of the mature coll and by its points of coni, act with its neighbors. 
The larger groups occur in small areas, which, as wall thickening goes on, 
remain thin, each area becoming a pit. Other fibrils occur in smaller 



Fig. 12. — Plasmodesma. A, in a cell from the petiole of Marattia (the cytoxdasrn plaw- 
molized). <7, in a cortical cell of Ophiogloasum, the strands seen “end on.” D, in cells of 
root cap and adjacent cortex of ViciaFaba, B, in endosperm of Diofip'i/ros (persimmon). 
E, in endosperm of Phoenix (date). (A and C after Poirault; D after Gardiner and Hill.) 

■ groups, or solitarily in the thicker portions of the wall. In the splitting 
of the cell walls in loose-tissue formation they have .been seen to be divided 
and the halves to disappear, the channels being filled either by a secre- 
tion of the protoplast or by the swelling of the surrounding wall. In 
^ dead cells, the plasmodesma disappear with the protoplast, in rare cases 
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the chaiinels being indistinctly seen afterward, as in traclieids. Plasnio- 
desma are especially abundant in meristems, phloem, storage tissue, 
and in such living conducting cells as those of vascular rays (Fig. 13). 
They bear a close resemblance to the connecting strands of sieve tubes; 
in fact, the latter strongly suggest merely enlarged plasmodesma. 



Fig. 13 . — Plusrnodesma in all living cells of the vascular ray in the cambium region, 
Pinus sylvestris, {After Gardiner and Hill.) 


Development of the Cell Wall. — In growing cells which are destined 
to become large or highly specialized, the wall increases greatly in extent. 
This increase is possibly the result of a stretching accompanied by a simul- 
. taneous deposition of new material in the form. of thin plates, a method of 
increase known as appodtion; or it is brought about by the addition of 
new particles to those of the existing wall, the new particles forming 
among the previously existing ones, a process called intussusception. 
Either of these processes may be effective locally in the cell, or through- 
out its surface; both may be concerned in the thickening of the same wall. 


24' 


AN INTRODUCTION TO PLANT A.NATOMY 


Intiissiisception seems to be much the less coiiunon arid to occur chiefly 
in the early stages of wall growth; apposition is believed to be the method 
by which thick walls are chiefly built up, except perhaps in free cells, 
such as spores and pollen grains. 

Increase in thickness which is not the result of iiitussusception is 
either centrifugal — away from the center of the cell, that is, outside of 
the original wall; or centripetal j toward the center, inside of the preexist- 
ent wall. The former method is of minor importance, since it occurs 
only among cells with free surfaces — spores, pollen grains, some hairs 
and other epidermal cells, and certain cells abutting on air chambers. 
Even in many of these cases it is doubtful if the thickening is actually 
centrifugal. The walls of spores may be in part thickened by additions 
b:^|-tapetal fluid or mother-cell cytoplasm, but the nodules, granules, 
etc. on hairs can be explained only as products of the protoplast itself. 
Both these and the thickenings of pollen grains have been considered to 
be formed by intussusception. The nodules on hairs are mostly very 
minute and serve no understood function unless it be that by retain- 
ing a film of air they prevent wetting of the surface. Centripetal thicken- 
ing builds up the walls of most thick-walled cells. The resulting walls 
are very diverse in character and in thickness. The apparently layered 
condition of most thick walls suggests that apposition is the method by 
which the process takes place, but it seems likely that intussusception 
is also concerned in the process. 

Wall Structure. — ;Thick walls nearly always show in section a definite 
banding called stratification (Figs. 8, B] 20, J; 32, G). This is due to the 
presence of lamellate structure, the layers varying in optical qualities 
because of differences in water content, perhaps in arrangement of 
particles, in chemical nature, or in a combination of these ways. ’ Besides 
this concentric structural layering there are sometimes seen in surface 
view of thickened walls markings known as striationSj a system of delicate 
lines running obliquely or spirally in the wall. Whether such lines are 
due to the arrangement of particles within the wall or to the presence of 
strips of thickening material, laid down spirally, or to some other cause, 
is not known. ' Striations are usually seen only after special staining 
treatment. ‘ They should not be confused with tertiary thickenings 
(Fig. 14), elongate pit mouths (Fig. 19, A), or microscopic wall checking 
(Fig. 19, H), ; 

: Both stratification and striation are of less importance than a grosser 
division of the thick wall into primary, secondary, and tertiary layers, or 
walls (Fig. 14). Distinction between these layers is chiefly that of 
extent oyer the surface of the protoplast and of difference in chemical 
nature. The primary wall is the first-formed wall, continuous about the 
protoplast except for the plasmodesma perforations; the secondary wall 
is laid down upon the primary wall, that is, centripetal to it, and differs 
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from it markedly in that it is less continuous, the pits and, in some cells, 
larger areas, forming gaps in its extent The tertiary wall lies upon the 
secondary, covering a relatively small proportion of the area, being made 
up of spiral bands loosely or tightly coiled. In many types of cells no 
sharp distinction can be made between a primarj’' and a secondary layer. 
The primary wall, however, may be said to be the wall present until the 
protoplast has reached approximately its mature size and shape. It 
does not show pit perforations (though locally modified to form the 
closing membranes of pits), and differs from the secondary usually in 
being thinner and more dense, with little or no stratification. It is 



Fig. 14. — Primary, secondary, and tertiary walls, d, B, longitudinal and transverse 
sections of vessel of Tilia americana. CyD, longitudinal and transverse sections of tracheid 
of Taxus hrevifolia. 

further usually different in eliemical nature, though the primary and 
secondary walls may be alike in this respect, in which case distinction 
between them is difficult. Cells with thin walls devoid of layering often 
show definite pitting. In such cases no distinction of primary and 
secondary walls can be made, though the presence of pits may suggest 
that both are present. ^ If it is desirable to call such a wall wholly pri- 
mary, the definition of primary wall may be modified by adding the state- 
ment that a primary wall may itself be pitted whenever a secondary wall 
ris-absent. 

The Middle Lamella^ — When a pronounced secondary wall is present 
the iilmary wall is commonly called the middle lamdla. Formerly, 


26 


INTRODUCTION TO PLANT ANATOMY 


this layer was supposed to bear no direct relation to individual cells, but 
to be an intercellular substance, or ''cement/' binding tiiem together. 
It is now clear that the middle lamella is not only a primary wall, but 
represents the fused primary walls of adjacent cells. Although this 
double nature is usually obscure, staining and optical effects may give 
evidence thereof, and it can also be seen where the wall is split by schizo- 
genous intercellular spaces or torn apart mechanically in sectioning. 
The middle lamella is often thickened in the corners l^etween the cells. 

The secondary wall is built up rapidly after the inception of its 
development and is usually completed in a comparatively short time. 
In a few cases it has been reported that deposition of this Ia 3 ’'er is 
, begun before complete cell size is attained. This is a matter, however, 
difficult of determination. The secondary wall constitutes the major 
portion of the wall of nearly all really thick-walled cells. 

The tertiary wall is, like the secondaiy, formed rapidly. The 
restricted area of wall thus reinforced usually bears a definite relation 
to the pitting of the secondary wall, the spiral bands passing between 
the rows of pits, but in some instances appearing to pass over these 
openings. 

SCULPTURE AND MODIFICATION OF THE WALL 

Pits, — As increase in the thickening of the wall, especially the 
development of the secondary layer, takes place, thin areas are left in 
the wall. Such spots are known as pits. They are sharply defined and 
various in size, shape, and abundance; they are, however, constant in 
type in a given cell or kind of cell. The term "pit’' is used to designate 
only small thin areas and is not applied to extensive thin areas, such as 
those present in protoxylem elements between the thickened rings and 
spirals (Fig. 46). Functionally, pits seem to be diffusion areas, regions 
where better interchange between cells may occur. That pits may be 
areas of interchange of another type also is apparent from the fact that 
in living cells groups of plasmodesma are frequently or always present in 
the pits in larger numbers than elsewhere (Fig. 12, A, D, E), In fact, 
it is possible that the presence of groups of these projections of the proto- 
plast determines the position of pits. Pits are characteristic of all 
types of cells. They are, however, sometimes minute and scarce, as in 
some types of fibers, and are absent in some kinds of thin-walled cells. 

Pit Structure and Pit Types— k thin area in the wall of one cell is 
found always to lie opposite a similar one in the adjacent cell (Figs. 16; 
20, //, /, J); the two may not, however, be of exactly the same size or 
shape, and frequently do not coincide exactly in position or in orientation. 
Oblique and unsymmetrical pits are thus sometimes formed (Figs.,Aft-r 
G; 18, J). The term "pit'' commonly indicates the combination of wall 
opposing thin areas or cavities in the wall, and also in common differs 
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includes the portion of the wall lying around and within the double 
cavity. That portion of the wall which separates the two cavities is the 
closing membrane of the pit. Where the cavities in the wall are partly 
enclosed by overhanging portions of the wall/the pit is said to be bordered, 
because of the border formed about the opening, or mouth, when the 
pit is seen in face view (Figs. 15, A, B, C; 17), in contrast with pits 
without such rims, which are called simple (Fig. 15, D, E). The bordered 
pit is structurally comple.v also in that the closing membrane possesses a 
thickened central portion, the torus, and is much thinner about the 
margin. The latter portion may be perforated by numerous minute 



Fig. 15, — Diagrams of three kinds of pits. A, B, section and face view of bordered 


. pit, showing the overarching borders of secondary wall which enclose the .pit cavity, through 
the center of which passes the closing membrane whose central portion is thickened to form 
the torus. C, section of same showing the closing membrane in a lateral position, the torus 
closely appressed to the pit mouth, Z>, E, section and face view of a simple pit; the 
secondary wall does not overhang the pit ca\uty and the closing membrane has no torus. 
F , section of half-bordered pit, the secondary wall overarching in but one half of the pit. 
{A~C, from Sharp, after Bailey.) 

openings (larger than plasmodesma openings) so that the torus is sus- 
pended by a meshwork (Fig. 16, A). The closing membrane of many 
bordered pits is subject to change of position within the pit cavity, such 
movements apparently being due to pressure changes within the cells. 
Thus the torus may occupy a median position (Fig. 15, A)j or lie close 
against the opening on either side (Figs. 15, C;T6, 5), seemingly func- 
tionally closing the pit, or at least greatly reducing its activities. In 
the lateral position it may even be distorted by the forcing of the central 
part against or into the opening (Fig. 16, C). The diameter of the torus 
i^^is always greater than that of the opening, and hence, when the torus is in 
|thc lateral position, communication through the pit must be through the 
when the torus is held centrally the thinner or perforated margin 
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provides more free, though less direct, access. Bordered pits are charac- 
teristic of water-conducting cells and of cells which are morphologically 
direct modifications of these. Such cells are always non-living when 
mature. In living cells bordered pits occur only in rare instances, as in 
transfusion tissue (Chap. IV). Bordered pits are perhaps best developed 
in the gymnosperms (Fig. 17), but occur throughout vascular plants. 
Simple pits are characteristic of living cells, and are found in all types 
of such cells, as well as in such non-living cells as have been derived in 
evolution directly from living cells, for example, stone cells and certain 
kinds of fibers. Thej'- vary much in size and shape (Fig. 19, A,F,F,(?, V). 
Simple pits are not found in typical water-conducting cells. Pits lying 
between living cells and non-living, water-conducting cells are lialj- 
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Fig. 16. — Bordered pits. A, in face view, showing perforations of the peripheral part 
of the pit membrane; Larix laricina, X520. B, C, in vertical section, showing torus in 
lateral position — in C, pressed into the pit mouth; Pinus, sp. XIOOO. (After Bailey.) 

bordered (Figs. 15, F; 19, B, C; 20; D, E), the half on the side of the living 
cell being simple, and that on the side of the water-conducting cell 
bordered. The border is often weak, however, and a torus is poorly 
de'^jioped or lacking. 

■■''/'the bordered pit varies greatly in size and structure (Figs. 18, 19, 
20). The prominent modifications of its typical form and size are those 
associated with the specialization and reduction of the pit as it occurs in 
fiber tracheids and fibers. In the typical bordered pit the cavity, which 
is circular in outline, is large, and the mouth, or aperture, is also circular 
(Figs. 17; 21, A). Where such pits occur in thin walls, the border may 
arch and bulge into the lumen, as in the spring-wood tracheids of Larix 
and species of Pinus (Figs. 20, B;.21, Bl). Where the wall is thicker 
the border does not bulge and the aperture opens into a tube-like entrance 
and not directly into the cavity (Figs. 20, I; 21, C5). Generally, the 
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Fig. 17. — Bordered pits of coniferous wood. A, in face view. B, in section, showing 
border, cavity, torus, mouth. {Courtesy of the U. S. Forest Products Laboratory of Madison, 
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Fig. is. — B ordered pits. -S, crowded, angular pits in face view and in section in 
tracheid of Agathis australis. C, rectangular pits, face view, in horizontal rows in vessel 
of Liriodendron. D, crowded pits, face view, in spiral rows in vessel of Acer rubrum. F, 
elongate pits, face view, in vessel of Magnolia acuminata; the same pits in vertical section 
in J, and in transverse section in M, F, G, pits with narrow mouths, in section and face 
view in thick walls of wood fiber of Populus tremuloides. H, similar pits in wood fibers of 
Magnolia, face view and longitudinal section; the same pits in transverse section in L. 
J, K, pits with narrow, unsymmetrieally placed mouths in wood fiber of Pyrus Mains, in 
face view and in longitudinal and, transverse section, M, large, elongate pits (F) in 
vessels and small pits in fibers, both in transverse section in Magnolia. 
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Fig. 19. — Pits and other wall sculpturing. A, clustered simple pits in wood paren- 
chyma, and very small bordered pits in fibers, face view, in Fraxinus americana. B, 
bordered pits of two forms, face view, in vessel and in fiber, and half-bordered pits, in 
section, between vessel and parenchyma cell, in Diospyros (ebony) . C, the same pits as in 
B, in transverse section; also simple pits, face view and section in ray and parenchyma cells. 
-D, detail section of bordered pits between vessels, as shown in C. E and F, simple pits in 
thin- walled parenchyma cells — E in pith of Chenopodium; F, in pericarp of CitruUus. 
<7, simple pits in thick-walled parenchyma of pith of Clematis, H and J, J and iC, micro- 
scopic checking, face view’- and section, of secondary wall in tracheids of Pimis Sirobus and 
Sequoia sempervirens; tlie cracking extends through pit mouths and simulates elongate 
mouths, h, M, erosion of secondary wall by fungus hyphae, simulating checking, face 
view and section, in trafdieid of Podocarpus, iNT, simple pits in thick-walled ray cells and 
wood parenchyma, face view and section, in late summer wood of Magnolia, 
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thic&r the wall the smaller the cavity and the smaller the aperture. 
In thick walls although the cavity of the pit remains always circular in 
outline, the apertures become narrowed and elongated, being elliptical and 
slit-like in outline (Fig. 21, A2-AQ). When only slightly narrowed, the 
mouth may extend only part way to the margin of the cavity (Fig. 21, 
A2), or reach the very limit of the cavity (Fig. 21, rt3), so that thei-eis at 
that point no border. Where the aperture is much narrowed, the slit 



Fig. 20. — Pits. A, B, elongate bordered pits of tracheid of Ommnda Claytoniana, 
face view and section. C, bordered pits and “dentations” of w'-ali in section in marginal 
ray cell of Pimis Banksiana. D, full-bordered, half-bordered, and simple pits, face view and 
section, in wood ray cells, radial section, of Pinus Strohus, E, similar, in part the same, 
pits, in face view and section, in tracheids and ray cells in transverse section of wood of 
Pinus Strobus. P, simple pits in section and half-bordered pits in face view in ray coll of 
wood of Salix alba. G, H, and J, small, narrow-mouthed bordered pits with vertical aper- 
tures coinciding in position, and with long, channel openings through the thick wall to the 
cavity, face view, longitudinal section, and transverse section, respectively, in wood fibers 
of Eucalyptus globulus. simple pits in stone cells of phloem of Platan us. 

usually extends far beyond the limit of the cavity (Fig. 21, A4.-A6); the 
extention of the mouth of the pit far beyond its cavity is the more extreme 
because the size of the pit cavity is reduced as the length of the opening 
is increased. These very elongate openings occur only in thick walls, 
and hence the channel-like entrance through the thick wall to the small 
inner part of the cavity is in shape like a much flattened, or laterally 
compressed funnel (Fig. 22). The inner opening of this funnel-like 
entrance remains circular. When pit mouths are circular, the two 
apertures lie directly opposite one another (Fig. 21, SI), coinciding in 
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position; when the mouths are elongate, the apertures on opposite sides 
of a wall are in most cases crossed, usually symmetrically (Figs. 21, A2- 


Fig. 22. — Diagram showing form of pit cavity of a bordered pit of type show.n in Fig. 
21, J.4. The apertures are slit-like, the small cavity round in outline, the connecting 
channels like flattened funnels. 

46; 22). These crossed pit mouths are conspicuous features of pit mark- 
ing in the walls of wood cells (Figs. 18, G, H, J; 19, A, B). The pit 


Fig. 21. — Diagrams of various types of bordered pits, showing changes of form 
accompanying reduction in size and function, and occurrence in walls of various thickness. 
A, face views. B, sections along plane of elongated mouth. C, transverse sections. D, 
view, “edge on,” of entire pit lying in wall — the view of small pits commonly seen, because 
of their small size — in longitudinal sections of wood. 
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cavity in such cases is complicated in form (Fig. 22). With extreme 
reduction the borders of the pits disappear, and slit-like pits, essentially 
simple in structure, are formed (Fig. 21, ^16, C6). MGrphologically, such 
pits are, however, clearly bordered pits. The pits of libriform wood 
fibers are often wholly vestigial, being hardly more than markings on the 
wall. In much reduced pits the closing membrane is of simpler structure, 
the torus being lacking, and the capacity of the membrane to change its 
position being lost. Such pits are probably physiologically functionless 
or nearly so. 

Other Wall Sculpturing. — The irregular modeling of the inner surface 
of the cell wall is in large measure due to the presence of pits. Pits and 
the perforations of the walls of vessels (Fig. 35) form conspicuous struc- 
tural modifications. Even more prominent are the secondary wall 
thickenings in the form of rings, spirals, and reticulations which are 
characteristic chieflj^ of protoxylem (Figs. 46, 47). External sculpture is 



Fig. 23. — Trabeculae in the tracheids of Abies halsamca, .A, transverse section. B 
tangential section. C, radial section. 

less commonly conspicuous, and is found as nodules, flutings, grooves, 
and pegs in pollen grains and spores, in the free wall of epidermal cells, 
especially those of floral parts and fruits (Figs. 131, A ; 132, F), Internal 
projections in the form of bars, ridges, and reticulations are occasional, 
for example, the “dentations” — really ridges — of the ray tracheids of 
hard pines (Fig. 20, O'), the trabeculae of tracheids (Fig. 23), the septa of 
septate fibers (Fig. 34, D), and the thickening or supporting rods and 
meshes of velamen cells and of other similar cells. 

The Chemical Nature of the Cell Wall. — The wall of the plant cell is 
composed fundamentally of carbohydrates of the cellulose group. When 
first formed the wall is of pectose or of some closely similar carbohydrate; 
this substance is characteristic of the primary wall until full cell size is 
attained. Later, the wall substance becomes more firm and hard, 
insoluble pectates, especially pectate of calcium, being formed. The 
secondary wall is laid down as a layer of pectose and cellulose, and the 
tertiary as a layer of cellulose. Both of these inner wall layers, however, 
are usually changed immediately and rapidly by lignification. The 
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latter process is coinplex cheinically, in that '' lignin itself consists of a 
group of substances j the nature of which is not fully known. The com- 
position and the specific gravity of lignin (and of lignified walls) seem to 
be fairly constant, as are also its staining reactions. As a result of the 
modification of cellulose and pectose walls, mucilaginous walls may be 
formed. Merely the innermost layer may be affected in this way, or 
the entire wall may be transformed. Under extreme conditions, including 
those which are degenerative or pathological, the walls may break down 
entirely and cellular structure be lost, as is the condition in gummosis. 
Mucilaginous walls serve many quite different functions — water storage, 
food storage, and various minor functions associated largely with seed 
and fruit coats and wdth fruit pulp. The function of mucilaginous walls 
in wood fibers, such as those of the black locust and red oak, is not fully 
understood, 

Cutinization and suherization result from changes involving certain 
waxy or fatty substances, chiefly cutin and suberin, respectively. These 
changes are waterproofing, since they provide layers strongly impervious 
to the passage of water (which penetrates cellulose and lignified walls 
freely). 

Mineralization^ the infiltration by, or deposition of, inorganic salts in 
the wall, is only rarely a prominent feature of wall nature. All mature 
walls, however, contain small amounts of mineral matter, sometimes in 
the form of embedded crystals; the latter, however, are rarely seen. 
Silica, and oxalate and carbonate of calcium occur most abundantly. 
The walls of the outer cells of the stems of horsetails, grasses, sedges, 
and some other plants contain high percentages of silica. Where 
mineralization is restricted to small areas in the wall and is extreme, pro- 
jections known as cystoliths are formed. These distorted portions of the 
wall take various shapes; they are clearly distinct from inorganic material 
lying in the protoplast or in the lumen. Cystoliths are characteristic of 
a few families, such as the Urticaceae and Moraceae, and of some smaller 
groups, but are not common or important features of cell structure. 

Chitinization, infiltration by chitin, occurs probably only in the lower 
plants, in certain algae and fungi especially. 

Other changes in the wall involve resins, gums, oils, tannins, and 
tannin-decomposition products, various aromatic and coloring substances, 
and many others of minor importance. Tannin is important in relation 
to durability, and it and other substances are responsible to a large 
extent for the durable and useful qualities of certain woods, and of heart- 
wood (Chap. VII) as contrasted with sapwood. These substances are 
present not only in the walls, but often fill the lumina and pit cavities 
as well. They are formed in part from the contents of the living cells 
of the immediate region, but doubtless also in part from additional 
material brought to the region, ^ C . 
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The modifications discussed above may involve all three of the chief 
layers of the wall or any of these alone. However, the primary wall is 
usually less changed than are the other parts. In the lignification of a 
cell, for example, the primary wall may be to some extent changed into 
fTignin,'' but to a less degree than is the secondary wndl 

All these changes are in nature either those of direct chemical trans- 
formation or molecular replacement; or those of apparent change 
brought about by infiltration, or by deposition of large amounts of new, 
different substances, within the original wall, so adulterating the latter 
that the first substance is obscured. Pseudo-changes are secured by 
the addition of new material in lamellae over the old wall, cornpletely 
burying the latter. Such modifications may accompany the maturation 
of the wall in cell ontogeny, or may take place long after cell maturity, 
for example, when sapwood becomes heartwood, and when cortical 
photosynthetic parenchyma cells or phloem conducting parenchyma cells 
become stone cells after a long period of activity in their first condition. 

' THE CUTICLE 

Over most of the surface of the aerial parts of vascular plants there is a 
layer of a waxy substance, cutin. This constitutes the cuticle j a coat 
which serves to protect the underlying cells from too rapid loss of water. 
The cuticle is structureless and covers the epidermis as a whole, following 
the contour of the cells much as a heavy coat of paint covers a shingled 
wall (Figs. 24, 135). Growing points lack this layer and some ephemeral 
organs such as stamens have so thin a coating that it is not readily 
detectable. A tlnn cuticle is present sometimes even on the inner epi- 
dermis of the ovary, and on the integuments of the ovules, as in the 
Amaryllidaceae. Roots and the entire body of submersed plants have 
no cuticle. The cuticle is a continuous layer, the only breaks in its 
continuity being those due to the presence of stomata and, in older stems, 
of lenticels. 

Origin and Structure of the Cuticle. — In origin the cuticle is probably 
a secretion of the protoplast of the epidermal cells, the secretion being 
passed through the wall in some manner not understood. In some 
cases, pits and plasmodesma have been reported on the outer epidermal 
walls and the suggestion made that cutin is passed through these; but 
such thin spots or perforations if they exist at all are apparently very 
rare. It has also been stated that the cuticle is a transformed outer 
layer of the cell wall, but this is improbable. 

The surface of the cuticle is smooth, or in some cases is roughened 
by irregular cracks, thickenings, or slight ridges. Many so-called 
cuticular yegs and ridges are projections of the epidermal cells coated by 
the cuticle (Fig. 24, 6). The flutings or striations of epidermal papillae 
lie in the cell wall itself. Minute particles of wax, lying on the surface 
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of the cuticle^ are the cause of the glaucous character of sterns and 
leaves, and constitute the bloom” of fruits. Wax also occurs in larger 
particles, as on the fruits of the bayberryj Myiica, and even entirely 
coats the leaf in the wax palm, Copernicia, The thick cuticles of fruits 
are present only on mature fruits, developing rapidly as mature size is 



UiG. 24. — The cuticle. Sections of the epidermis and adjacent tissues, showing 
various degrees of thickness and of extent of the cuticle between epidermal colls. 0-^^^ 
thin cuticles see Figs. 132, i?; 134, A, C; very thin cuticles are not illustrated.) A, Citrus 
sinensis (orange), fruit. B, Pyrus Malus (var. Ben Davis), fruit. C, Dracaena Goldicana, 
stem. D, Dasylvrion scrratifolium^ leaf. JS', Acer pennsylvanicum, stem, the^ older, outer 
layer cracking and disintegrating, F, Smitax rotundifoUa, stem. Vaccinium corymbo- 
sum, stem. H and J, Coriius circinata, stem, showing two stages, the outer, older layers 
being replaced by new ones formed below. 

approached or attained ; but in some stems with thick cuticles the layers 
must be accommodated to considerable increase in stem diameter when 
the epidermis persists for several years. In such plants as these for 
example, in species of Acer, Cornus, Vihuvnum, and Kerria -the original 
cuticular layer is cracked or ruptured and the break is repaired by the 
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secretion of new material from beneath, or an entire new layer is formed 
(Fig. 24, //, J). 

The thickness of the cuticle varies greatly (Chap. XIV), plants of 
shade and of moist habitats having thin cuticles and those of dry, sunny 
situations generally having thick cuticles. Many fruits, such as the 
apple (Fig. 24, £), plum, tomato, and persimmon, when ripe, have a 
firm, thick cuticle. This conserves the water in the fruit after a renewed 
supply is no longer available. An example of the effectiveness of this 
is seen in the fact that in the drying of prunes the cuticle is commonl}^ 
weakened or removed. To the presence of a heavy cuticle is due, in 
part, some of the keeping qualities of fruits. 

'Functionally, the cuticle is sometimes reinforced by a condition of 
cutinizaiion — infiltration by cutin — of the walls of the epidermal cells, 
and, in extreme cases, of the subepidermal cells also. The cutinization 
may involve only the outer walls of the epidermal cells or the outer and 
also the lateral walls; the inner walls are rarely involved in the process. 
Cutinization is a process different from cutimlarizalioii^ the formation 
of a cuticle. 

References for Chap. 11 

Allen, C. E. On the origin and nature of the middle lamella. Bat. Gaz. 32 : 1-34. 
1901. 

Bailey, I. W. The cambium and its derivative tissues. IV. The increase in girth 
of the cambium. Amer. Jour. Bot 10: 499-509. pi. 36. figs. 1-3. 1023. 

Baranetzki, J. Epaississement des parois des elements parenchymateux. A an. 

iSd. Bai. 7 ser. 4: 134-201. pis. 7, 8. 1886. 

Beer, R. The present position of cell-wall reseai'ch. New Phytol. 3 : 159-164. 1904. 
Belzung, E. Recherches morpliologiques et physiologiques sur ramidon et les 
grains de ehlorophylle. Ann. Sci. Nat. Bot. 7 ser. 5: 179-310. pis. 5-8. 1887. 

Cavers, F. Chondriosomes (mitochondria) and their significance. New^ Phytol. 
13r: 96-106; 170-180. 1914. 

CoRRENS, C. Ueber die vegetabilische Zelimembran. Jahrh. TIT&s*. Bot. 26: 587- 
673. figs. 1, 2. 1894. 

Cranner, B. H. Zur Biochemie und Physioiogie der Grenzschiehten, iebender 
Pflanzenzellen. Kristiania. 1922. 

Cross, C. F., and Bevan, E. J. Cellulose: an outline of the chemistry of the struc- 
tural elements of plants with reference to their natural history and industrial 
uses. London. New York. 1916. 

Eberdt, 0. Beitrage zur Entstehungsgeschichte der Starke. Jahrh. Bot. 

22: 293-348. pis. 11, 12. 1891. 

Gardiner, W. On the constitution of the cell wall and middle lamella. Proc. 
Cambridge Phil. Soc. 5 :' 87-106. 1884. 

Gardiner, W., and Hill, A. W. The histology of the cell wall with special reference 
to the mode of connection of cells. Phil. Trans. Roy. Soc. Londmi 194B : 83-125. 
pis. 31-35. 1901. 

Grossenbacher, j. G. Gliding growth and the bars of Sanio. Amer. Jour. Bot. 
1 : 522-530. figs. 1-6. 1914. 

Guilliermond, A. 0}:>servations vitalcs sur le choridriome des chromoplustides ct 
le mode de formation des pigments xanthopbylliens et carotiniens. R6v. Gen. 
Bot. 31 : 372-413, 446-508, 532-603, 635-770. pis. 10-45. figs. 35. 1919. 


THE CELL 


39 


Haas, P., and Hill, T. GJ. The chemistrv of plant products. London. I, 1921. 
II, 1922. 

Kiisnitz-Gerlopf, F. Die Protoplasmaverbindungen zwisehen benachbarten 
Gewebselementen in der Pflanze. Bot. Zeit. 49 : 2, 18, 34, 50, 66'. pis. 1, 2. 
1891. 

Klinken, J. Ueber das gleitende Waclistum der Initialen im Karnbiuni der Koni- 
feren uiid den Markstralilverlaiif in ihrer sekundaren Riiide. Bibl. Bot. 84 : 
1-41. pis. 1-3. fig. 1-21. 1914. 

IvRABBE, G. Das gleitende Wachsthum bei der Gewebebildung der Gefasspflanzen. 

Berlin. 1886. (See also S., D. H. below.) 

Krieg, W. Die Streifung der Tracheidenmembran im Koniferenliolz. Beih. Bot. 
Centralhl. 21: 24:6~-2C:>2. pis. 9-12. 1907. 

Kuhla, F. Die Plasmaverbindungen bei Viscum album. Bot. Zeit. 68: 29-58. 
pi. 3. 1900. 

Mottier, D. M. On certain plastids, with special reference to the protein bodies of 
Zea^ Eicinus, and Conopholis. Arm. Bot. 36: 349-364. pi. 15. 1921. 

PoiRAXJLT, G. llecherches anatomiques sur les cryptogames vasculaires. Arm. 

Sci. Nat. Bot. 7 ser. 18: 113-256. figs. 1-40. 1893. (Plasrnodesma.) 

Randolph, L. F. Cytology of chlorophyll types of maize. Bot. Gaz. 73 : 337-375. 
pis. 11-16. 1922. 

S., D. H. (Notice of Book.) Das gleitende Wachstum bei der Gewebebildung der 
Gefasspflanzen, von Dr. G. Krabbe. Berlin, 1886. Ann. Bot. 2: 127-136. 
1888. 

ScHiMPER, A. F. W. Sur Forigine des grains d’amidon. A7in. Sci. Mat. Bot. 6 ser. 
11: 256-264. pi. 10. 1881. 

Sharp, L. W. An introduction to cytology. New York. 1921. 

Strasburger, E. Die pflanzlichen Zellhaute. Jahrh. TFm. Bot. 31: 511-598. 
pis. 15, 16. 1898. 

. Ueber den Ban und das Wachstum der Zellhaute. Jena. 1882. 

. Ueber Plasmaverbindungen pfianzlicher Zellen. Jahrb. IFm. Bot. 36 : 493- 

610. pis. 14, 15. 1901. 

Tangl, E. Ueber offene Communicationen zwischen den Zellen des Endosperms 
einiger Samen. Jahrb. Wiss. Bot. 12: 170-190. pis. 4-6. 1879. 

Timberlake, H. G. The development and function of the cell plate in higher plants. 

Bofi Gas. 30: 73-99, 154-170. pis. 8, 9, 1900. 

Tschirch, A. Angewandte Pflanzenanatomie. Wien u. Leipzig. 1889. 

Wilson, E. B. The cell in development and inheritance. 3rd ed. New York. 
1924. 



CHAPTER III 



MERISTEMS 

Growth in an organism consists fundamentally of increase in the size 
of the protoplasmic body. Closely associated with such increase in size 
is differentiation; in fact, differentiation is often thought of as a phase of 
growth. In some plants, especially the more primitive forms, growth 
may take place 'without the partition of the protoplasmic mass into 
cellular units; in cellular plants, however, any considerable amount of 
growth is manifested by cell division and the subsequent enlargement 
of the derivative cells. In plants with little or no tissue specialization, 
cell division may occur throughout the plant body or in any region thereof, 
thus increasing the mass of the plant body. In plants with specialized 
tissues, on the other hand, grow-th and the formation of new cells are 
localized in certain more or less definite regions known as meristenw. The 
cells of these regions are called meridematic celh^ and together these 
cells form meristematic tissue, 

/ Meristematic and Permanent Tissues. — Meristematic cells, tissues, 
and regions, therefore, are those in which cell dh^ision is still going on and 
which are not 3^et full}^ differentiated. When such cells and tissues have 
become fully differentiated and mature, they are said to be permane?iL 
There are, then, two . kinds of cells and two kinds of tissues from the 
standpoint of stage of development — meristematic and permanent. 
Permanent cells, however, are not necessarilj^i^manent in the usual 
sense of the word, since they may change both in form and in function 
after a longer or a shorter period of existence as completely differentiated, 
or mature, cells. For example, epidermal cells or typical cortical cells 
may form a cork cambium months after those parts of the stem in which 
they lie become mature; similarly, photosynthetic cells of the cortex and 
parenchyma cells of the older phloem may become stone cells. Thus, 
cells may change their nature markedly a long time after becoming 
mature; they may again become active in division, forming other cells and 
even meristems. Many kinds of living cells which have walls that are not 
extremely thick or otherwise highly specialized may in this way become 
meristematic. 

Meristematic tissues have certain characteristic features not common 
permanent tissues. In:.general, meristematic tissues are made up off 
ells with their diameters essentiafly alike; their walls thin and homogene- 
us, usually without evident piM; the protoplasm abundant and active; 
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the nuclei large; the vacuoles small or lacking; and intercellular spaces 
absent (Figs. 6 , A] 25 ; 28 ). The cambium, however, is.a meristematic 
tissue which in some ways does not fall under this description. 

■CLASSIFICATION OF MERISTEMS" 

Promeristem.^ — The youngest cells in a region of a growing plant body 
in which the formation of new organs or parts of organs is taking place 
constitute a pT 07 neristem, or primordial meristem. Here the foundation 
of all organs Is laid down. The promeristem is of rather limited extent, 
varying in different plants, and is not definitely ^set off from the older 
meristematic tissue* into which it merges. fPor example, there is at the 
tip of the stem a growing region of some length; only the youngest 
part of this, the apical portion, is promeristem (Figs. 25, 42). Promeri- 
stem represents, then, a very early stage in development. Later, pro- 
meristems gradually become differentiated; first, into partially developed 
tissues (older meristems), where the beginnings of specialized structure 
are present, but in which cell division is still going on; after this, into 
mature tissues.^ For the partly developed tissues in which the forma- 
tion of new cells is still taking place to some extent no satisfactory dis- 
tinguishing term exists, though meristems at this stage are often callecl 
^^histogens^^ (p. 47). / 

Primary Meristems.-™^Meristems such as those which build up the 
fundamental structure of the plant and which are derived directly from 
the promeristem are primary meriste^nsf Such tissues have retained their 
meristematic characteristics from their beginning in the promeristem,*^ 
and, in fact, are merely a later stage in the development of the promeri- 
stem. The entire apical growing region, including the promeristem, is 
sometimes known as a primary meristem. Thus the promeristem may 
be considered as a part of primary meristem, or as the early stage of 
primary meristem. The cambium (with some exceptions) is a primary 
meristem, since it is derived directly from promeristem without the 
tissues involved losing their meristematic characteristics at any time; 
this meristem is not, however, concerned with the formation of the funda- 
mental body structure. 

. Primary meristems fall into two distinct groups: those in,,, which 
cell division takes place in three or more planes, such as that which 
occurs in the tips of axes; and those in which the new tissue is produced 
by the consecutive division of a given group of cells, dividing largely in 
one plane only, a condition found in the cambium. In the former a 
cylindrical body is divided into numerous cells by dwisions transverse 
and longitudinal to the axis and also in many other planes; in the latter, 
division of the cambium cells is chiefly in a plane tangential to the xylem 
cj^linder. 
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Fig. 25.— Longitudinal section of a growing root tip. In the apical portion, or ssone of cell division, 
the tissue is promenstem; here the ceils are small, rich in cytoplasm, with large nuclei, and without vacu- 
oles, A. xionind the promenstem is the zone of cell enlargement; here the cells are rapitliy elongating 
and vacuoles appear m the cytoplasm, B, Behind this region is the zone of cell maturation; here the 
ceils are hegmnmg to assume mature characteristics of size, shape and structurt^; a large vacuole iiccu- 
pies the center of the cell, restricting the cytoplasm to the peripheral region. Of tlui zone of cell 
maturation only a small part is shown, AE of the tissue illustrated (except the root cap) is meriste- 
matie, at least m part. {After SmnoU.) . - , ^ - 
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Secondary M eristems— ^Secondar?/ rneristems are of markedly different 
origin in that they always arise in permanent tissues. The cork cam- 
bium, for example, is a secondary meristem, since it is formed from 
mature cells — ^cortical, epidermal, or phloem cells, or, in fact, from any 
living cells which do not have a thick, rigid wall, Thus, when wounding 



Fig, 26~Diagrani to show iiosition of meristems. The closely lined areas are 
youngest; the unlined areas are mature or slowly growing. A. longitudinal view. B, 
cross section of A, at level a-a, 

occurs, ceils adjacent to the injured cells, which are mature in every way, 
may again become meristematic and divide to form a functioning cork 
cambium. As compared with primary meristems, secondary meristems 
are of infrequent occurrence and of minor importance, the cork cambium 
being the outstanding example. 

Classification of Meristems on the Basis of Position —On a basis of 
position in the plant body, meristems are classified as apical, intercalary, 
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and lateral. Apical meristems are those which lie at or close to the apices 
of the axis and of the appendages, and arc commonly called growing 
points (Figs. 27, 28). Intercalary meristems arc those which lie between 
regions of permanent tissue, as, for example, at the base of the leaves of 
many monocotyledons (Fig. 26). Lateral meristems, as the name 
implies, are situated laterally in an organ (Fig. 26). Tlie cambium and 
the cork cambium are lateral meristems. 

Apical Meristems. — Apical meristems, or growing points, occur 
universally at the tips of the roots and stems of vascular plants. By 
their activity increase in the length of the axis is accomplished and the 
primary structure of the plant laid down. In such meristems the pro- 
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Fig. 27. — Apical cells. A, B, the stem tip of Equisetum in transverse and iongitudinal 
section, showing the solitary, terminal apical cell, and the derivation of cells therefrom. 
C, D, stem tip (winter bud) of Vitis in transverse and longitudinal section, showing group 
of subterminal apical cells (the number indefinite and difficult of determination). 

meristem is located at the apex of the growing point, the initiating cells 
being terminal or subterminal. 

Apical Cells.— In general, apical promeristems fall into two classes: 

: those which have their origin in a single cell and those which are formed 
from a group of few cells. Those originating or initialing cells which 
maintain their individuality and their position at the apex are called 
apical cells, or apical initials.'^ Among vascular plants solitary apical 
cells occur in the majority of ferns, in the horsetails, and in a few other 
pteridophytes (Fig. 27, A, B). They have been reported in the gymno- 

^ The term ^‘initials” is used iix histology to indicate any cells which by continued 
division form many new cells, maintaining their own individuality and meristcmatic 
condition. * 



MERISTEMS 41 



B 


Fig. 28 . — Root tip of Pieris. A, median longitudinal section, showing apical cell with 
four “cutting faces” (one not in plane of section), and the development of tissues from this 
cell, especially the root cap. Plerome, periblem, and dermatogen are differentiated. B, 
transverse section through apical cell, showing the three faces from which cells are cut off 
to form the root prox:>er. {After Hof.) 
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sperms,, but the number of apical cells in this group is in doubt. The 
monocotyledons and a few of the lower dicotyledons are said to have two 
or three apical cells, all other angiosperms having several to inaiiy (Fig. 
27, C, i)). The determination of the initiating cells in the seed plants 
is difficult. 

Types of Apical Cells . — In the plants which have solitary apical cells 
several types are distinguished by shape and by the number of sides from 
which new cells are cut off. The two most common are the lenticular, or 
two-sided, cell (not found in vascular plants) and the pyramidal, or three- 
sided, cell (Figs. 27, Jl, .B; 28). The former is, in shape, strictly a three- 
sided cell and the latter a four-sided cell, but new cells are formed only 
from two and three sides respectively; hence terms which apply to the 
activity of the cell rather than to its shape have been given. The side 
from which no new cells are formed lies in the direction of growth. In 
roots where root caps are present cells are cut off on this face also (Fig. 
28). The size of the apical cell is reduced only temporarily by the forma- 
tion of daughter cells and its position is maintained indefinitely. 

^ V The behavior of apical cells in segmentation, and of the cells which 
are cut off' by the apical cells, is of importance in the study of the morphol- 
ogy, both vegetative and reproductive, of the bryophytes. ) Cells in 
certain positions and of certain origin always form the same tissues or 
organs. It was formerly held that this must also be true in general of 
vascular plants, but such is clearly not the case. The behavior of a given 
segment of an apical meristem is usually without morphological signi- 
ficance in the groups of plants above the bryophytes. 

Intercalary Meristems. — Intercalary meristems are, in reality, only 
a type of apical meristems, since they are parts of such meristems which 
have become separated from the apex by permanent tissues and left 
behind as the apical meristem moves on in growth (Fig. 26), For 
example, there is an intercalary meristem at the base of the internode in 
the horsetails and in many grasses, just below the node in some mints, 
and at the base of the leaf in some plants, as in Finns and Iris. The 
b;function of intercalary meristems, in common with that of apical meri- 
y stems, is to increase the axis or the organ in length and to lay down the 
^fundamental primary structures. In meristems of this type the pro- 
meristern may be basal (Fig. 26), median, or uppermost in position 
relative to the older parts of the meristem. Generally, intercalary 
meristems function slowly and ultimately disappear, being wholly 
Transformed into permanent tissues. 

" - / Lateral Meristems.-r-Lateral meristems are composed of initials 
-" which divide for the most part in one plane only and provide for the 
constant renewal of certain important tissues with a consequent increase 
in the diameter of the axis or organ concerned. The cambium is by far 
the most important meristem of this type. It is ordinarily a cylinder of 
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initial cells completely surrounding the xylem core of a woody axis and 
forms new tissues by tangential divison. The radial and transverse 
divisions which occur provide for the increase in the circumference of the 
meristematic layer itself (Chap. VI). The cambium has sometimes 
been called "‘the lateral meristem/’ but phellogen layers should also be 
considered as belonging in this class. 

Early Differentiation of Meristems. — Behind the apical promeristem— 
or in many intercalary meristems in front of the promeristem — in what 
may be called the general meristematic region, 
there is gradual differentiation, which becomes 
progressively greater and greater from the pro- 
meristem toward the region of completely 
mature primary tissues, that is, in older and 
older tissues. The progress of this differen- 
tiation sooner or later may render evident cer- 
tain more or less distinct regions which have 
been designated histogens. In many plants 
differences in cell size and shape, in cell con- 
\ tents, and in arrangement of cells, set off a 
\ central core, or region, known as the plerome, and 
( an outer limiting layer, epidermis-like, the 
; dermatogen. The part lying between these is 
I the periblem (Figs. 28, A; 29). These three 
I parts of the developing axis are also sometimes 
called the prirnary meristems; however, it seems 
better to consider them as merely sections or 
regions of primary meristem. 

The differentiation of developing portions 
of an axis into plerome, periblem, and derma- 
togen does not occur in all plants, and when 
present varies much in distinctness. When 
these differentiated regions are present they 
have apparently little or no physiological or 
morphological significance; therefore, these 
terms are becoming less and less used. For 
convenience in designating regions, they may, 
however, be retained. 

It is chiefly because of this lack of 
uniformity in occurrence and in morpho- 
logical significance that the distinction of these 
regions is of little value. The plerome and 
dermatogen are more prominent in roots than 

in stems. The plerome may be distinct nearly to the apex and the 
dermatogen may form a layer apparently completely encasing the axis 
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Fig. 29,— Diagram of axis 
lip to show “histogen” 
gions. A, longitudinal section. 
B, transverse section. 
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tip, or the entire terminal portion for some distance may consist of a mass 
of uniform isodiainetric cells. Certain mcm]:)ers of a groii]) of apical cells 
may form the plerome, and others the periblom and dermatogen, or all 
cells may seem to take part in the formation of each of these layers. In 
development the plerome usually becomes the entire central cylinder; 
but it may form the pith alone, or the pith and vascuhir tissues wdthoiit 
the pericycle. The periblem usually forms the cortex, but not infre- 
quently the pericycle and vascular tissues also. A dermatogen is in most 
cases formed very early by tangential divisions in the outer cells of the 
promeristem (Fig. 28, A). Later divisions in this area are all anticlinal 
(at right angles to the surface), but otherwise may be in an^y plane. 
However, in the clubmosses and rarely in other vascular plants the 
dermatogen is formed from the periblem relatively late, and not ])y a. 
uniform series of periclinal divisions: 

Another series of terms, chiefly physiological in significance, has 
also been used for these regions. The name protodenn is given to the 
dermatogen and the term procambhun is applied to that part 
of the plerome which, at early stages, possesses elongate, tapering cells. 
In this usage the term “ procambium is applied only to those groups of 
elongate cells, distinct because of their shape, which later form conduct- 
ing and fiber cells and also other surrounding cells of a different type, such 
as photosynthetic parenchyma; it is not synonymous with the mor- 
phological term procamhhim^ which indicates the early stage of mor- 
phological vascular units (Chap. V). The remainder of the axis, 
that is, the periblem and parts of the plerome, under this classifica- 
tion is called fundamental meristem or ground meristem. Parenchymatous 
tissues and sometimes those of other types developing from this meristem 
are loosely termed fundamental tissues , ground tissues , and fundamental 
parenchyma. Together they form the fmidamenial tissue system, though 
the latter term may be applied to the cortex alone. This group of 
terms forms a sort of ^^catch-alP^ for tissues or regions of less markedly 
specialized function. The series of terms is as a whole very indefinite in 
meaning and usage, and consequently is of much less value than the pre- 
ceding series. 

Further discussion of the meristematic development of tissues and 
organs will be found under the treatment of these structures in Chaps. V, 
X, XI, and XIL 

References for Chap, III 

Baranetzky, J, Sur le developpement des points vegetifs dcs tiges ehez les mono- 
cotyledones. Ann, Sci, Nat. Bot 8 ser. 3: 311-365. pis. 14-16. 1897, 

Bower, F. O. The comparative examination of the meristems of ferns as a phylo- 
genetic study, Ann. Bot 3 : 305-392. pis. 20-24. 1889. 

Dingler, H. Ueber das Scheitelwachstlium des Gynmospennenstammes. 
pis. 3. Munich. 1882. (Review of literature" to 1882.) 


MERI STEMS 49 

Dingler, H. Ziini Scheitelwaclistliiim der Gymnosperrneii. Ber. Deut. Bot. Ges. 
4:18-36. pLl. 1886. 

DouLioT, H. Reclierclies sur la croissance terminale de la tige des plianerogams. 
Ann. Sci. Nat Bot 7 ser. 11: 283-350. pis. 13-19. 1890. (Review of litera- 
ture to 1890.) 

Flot, L. Recherclies sur la zone perimedullaire de la tige. Ann. Sci. Nat Bot 
7 ser. 18: 37-112. pis. 3-6. 1893, (Apical cells.) 

Groom, P. Ueber den Vegetationspimkt der Phanerogamen. Ber. Deut. Bot Ges. 
3: 303-312. pi. 16. 1885. 

Hof, a. C. Histologische Studien an Vegetationspunkten. Bot Centralhl. 76: 

65-69, 113-118, 166-171, 221-226. pis. 3, 4. 1898. 

Janczewski, de, E. Recherches sur Taccroissment terminal des racines dans les 
phanerogames. Ann. Sci. Nat. Bot, 5 ser. 20: 162-201. pis. 13-16. 1874. 

Koch, L. Ueber Ban und Wachstum der Sprossspitze der Phanerogamen. Jahrh. 

F^:ss. Bot 22: 491-680. pis. 17-21. 1891. 

Korschelt, P. Zur Frage ueber das Sclieitelwachsthum bei den Phanerogamen. 

Jahrh. Wiss. Bot 15: 642-674. pi. 33. 1884. 

Kostytschew, S. Der Ban und das Dickenwachsthum der Dikotylenstamrae. 

Ber. Deut Bot Ges. 40 : 297-305. figs. 1-10. 1922. 

Mottier, D. M. On the archegonium and apical growth of the stem in Tsuga 
canadensis and Pinus sylvestris. Bot. Gaz. 17 : 141-143. pi. 8. 1892. 

Nageli, C. Beitrage zur wissenschaftliche Botanik I. Leipzig. 1858-68. 

and Leitgeb, H. Entstehimg und Wachsthum der Wurzeln. Beitrage TF'iss. 

Roi. 4: 73-160. pis. 11-21. Leipzig. 1868. 

ScHOUTE, J. C. Die Stelar-Tlieorie. Groningen. 1902. 

ScHUEPP, 0. Untersuchungen tiber Wachstum und Formwechsel von Vegetations- 
punkten. Jahrh. Wiss. Bot 51:11-1^. figs. 1-16. 1916. 

SiNNOTT, E. W, Botany : principles and problems. New York. 1923, 


CHAPTER IV 


TISSUES 

Tiiere is among the individual cells of some of the less specialized 
thallophytes very little or no ^Mivision of labor/^ In such plants the 
cells are not usually various in size, elaborate in shape, or complex in 
. arrangement; only simple vegetative cells and reproductive cells are 
present. The cells which are alike in structure and function form a 
group or mass which can be called a tissue. Thus, a group of vegetative 
cells is a vegetative tissue^ and, similarly, a group of reproductive cells is 
a reproductive tissue. Here similarity of structure and function binds 
certain cells together as a tissue. In the higher plants more complex 
tissues require, however, a more comprehensive definition. A tissue 
may be said to be a continuous organized mass of cells, usually similar in 
origin, and essentially alike in form and general function. Such a defini- 
tion is loose, but one more restrictive is difficult to make and to use. 
From the physiological viewpoint function by itself may bind cells 
together; similarity of origin, and even continuity, are not essential. 
Thus widely scattered cells may form a tissue. From a morphological 
viewpoint, continuity^ and similarity of origin are of first importance. 
Clearly, the two uses of the term are distinct. 

Classification of Tissues.— Tissues are classified in many different 
ways — on the basis of form, function, structure, method or place of 
origin, stage of development, etc. 

Parenchyma. — Simple vegetative tissue, that is, tissue which is not 
complex or elaborate in structure or form, like that which makes up the 
body mass of lower plants, and the non-specialized portions in more 
complex plants, is called parenchyma. Parenchyma is a rather loosely 
used term in that it is applied to all generally unspecialized and fairly 
simple tissues which are concerned largely with the ordinary vegetative 
activities of a plant. "Parenchyma is, obviously, phylogenetically 
the primitive tissue, since the lower plants have undoubtedly given 
rise to the higher plants through specialization, and since the single 
type or the few types of cells found in the lower plants have become 
by specialization the many and elaborate types of the higher plants. 
Further, all meristematic tissue is unspecialized. Hence, it is paren- 
chyma-like — in fact, is often called parenchyma— so it can be said that, 
ontogenetically also, parenchyma is the primitive tissue.' Thus, for the 
classification of tissues, a foundation is given by the determination of the 
tissue of which all others are modifications. 

.:Vi5o a,,:;- '■ 
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, Parenchyma and Prosenchyma — A tissue' type set off on form and 
function is that known sls prosenchyma. Prosenchyma is made up of 
elongate, pointed cells which are concerned less with the simple vegetative 
activities of a plant than with the specialized functions of support, pro- 
tection, and conduction. All tissues may be separated into parenchyma 
and prosenchyma, but such a classification is not seen in recent writing. 
It is practically obsolete, but the term ^^prosenchymatous’^ is often used 
to describe cells which are elongate and taper-pointed. Parenchyma 
cells are thill- walled; with diameters nearly alike, with protoplasmic 
contents usually present; prosenchyma cells are thick- walled and elon- 
gate, with pointed ends, with protoplasm small in amount, or wanting. 
However, parenchyma cells are often thick-walled and elongate, and in 
age with little or no protoplasm; and prosench^mia is occasionally thin- 
walled, and even more often possesses protoplasts. No distinctive 
character is left, therefore, but the pointed end, so that the classification 
is weak and practically useless; hence it has passed out of use. 

Stereome and Mestome. — From the standpoint of function, tissues 
may be classed as those which are chiefly supporting and protecting, and 
those which are chiefly conducting and ^^packing.^^ The supporting and 
protecting cells are known collectively as stereome^ the hard tissue; the 
conducting and packing tissues as the mestome. This classification is, 
based on function alone, and is found only in physiological texts, |p 
this, as in nearly all classificationl, many tissues fall definitely into neither 
group; they are partly supporting and pa-rtly conducting. Therefore, 
no sharp line can be drawn between these two types of tissue. The mes- 
tome is further divided into the hadrome^ that which conducts water and 
substances absorbed with water; and the fepiomc, that which conducts the 
food- of the plant. These terms are not synonymous, however, with 
xylem and phloem, respectively, as morphologically used. They are 
synonymous with these terms as often used by physiologists. Hadrome 
and leptome include only those cells of xylem and phloem -which are con- 
cerned directly with conduction. All supporting cells, such as fibers and 
stone cells, are part of the stereome. The terms “ stereome, ^Tnestome,^^ 
'diadrome,^^ and ^Teptome'^ are physiological terms. They have little 
use except in the description of structure in terms of function alone, 
and have not been adopted to any extent. 

Primary and Secondary Tissues. — Another classification, based on 
method of development, is the most generally useful classification of 
tissues and one %vhich is necessary to an understanding of the structure 
of the plant bodj^- morphologically or histologically. On this basis, 
tissues are either primary or secondary. Those tissues which are formed 
by primary meristems of the first type a;re primary tissues; that is, they 
are those which are developed directly or indirectly at the growing points 
by cell division in several or many planes (Chap, III). Tissues which are 
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formed by primary ineristems of the second typ(‘, jts ilip 
and those which are formed secondary nuaistoins, ^i'candary 
tissues. These tissues are formed largely by vAl di\'ision in :i. single 
plane, individual cells consecutively forming many new cells, which, 
because of this method of formation, lie in definite rows. These are then 
two quite different types of tissues, different in their method of origin, 
and different in the structural arrangement of the cells composing them. 

Cells have already been classified on the basis of their stage of develop- 
ment as meristematic and permanent; the same terms with similar mean- 
ings are also applied to tissues. 

Simple and Complex Tissues. — In specialization from meristem, 

, changes in the shape, structure, and nature of the cell wall and of the 
protoplast produce various cell types. Some of these types are associated 
only with certain restricted tissues or organs, as, for instance, tracheids 
with xylem, and cork cells with phellem. Other cell types may be found 
anywhere throughout the plant body, either singly or in masses of various 
size. Where cells of a single type occur together in a uniform or homo- 
geneous mass, the tissue thus formed is simple. When cells of more than 
one type are associated in a tissue, the tissue is ccmiplex. Only a few of 
the many cell types which are present in plants form simple tissues, and 
some of these same cell types, such as parenchyma and sclerenchyma, 
are common constituents of complex tissues. 

THE COMMON SIMPLE TISSUES 

The simple tissues which are most common in plant bodies are 
parenchyma, sclerenchyma, and collenchynia. These terms are names of 
tissue types, but are also applied to cells; for example, a certain cell 
may be called ^^a parenchyma cell d/ Such a cell is either a unit of the 
simple tissue, parenchyma, or is a parenchymatous cell in a complex 
tissue. The adjectives, parenchymatous and sclerenchymatous, indicate 
cells which possess some of the characteristics of the cells of parenchyma 
and of sclerenchyma, respectively, but which may not belong definitely 
in those tissues. There are thus parenchymatou$ fibers, sclerenchyma- 
tous cork cells, etc. 

Parenchyma.— The general characters oi parenchyma Q,Ye: diameters 
essentially equal, walls thin, protoplasm present and active, and a capabil- 
ity for cell division even when the cells are permanent cells (Figs. 30; 39). 
Parenchyma makes up large parts of various organs in many plants. 
Pith, the mesophyll of leaves, the pulp of fruits, consist chiefly of paren- 
chyma; the cortex and pericycle are often wholly or in large part paren- 
chyma, and parenchyma cells occur freely in xylem and phloem. Because 
in parenchyma there are embedded, and out of parenchyma, as meristem, 
there develop other more specialized cells, tissues, and tissue systems, 
parenchyma has been called pound tissue and fundamental tissue. These 
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Fjg. 30 . — Parenchyma. A, from pith of rhizome of Poly podium )}ulgaTe. i?, from cor« 
tex. of root of Asclepias iucarnata, the cells filled with starch grains, (7, D, from pith of 
Zea, transverse and longitudinal respectively. thick-wailed, lignified cells from pith 
of twig of Cantauea dentata, the cells containing starch grains or crystals. F, thick-walled 
cells from pith of Clematis mrginiana. 
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terms, however,, are undesirable for the designation of tissue types. 
The other two common simple tissues, collenchyma and sclereiichyma, 
are supporting tissues. They are, however, different in specific function 
and in the cell types which make them up. 

Collenchyma. — In the elongating parts of many stems, and less 
commonly in other parts, such as petioles and midribs of leaves, and in 
specialized stems, such as pedicels and peduncles, there occurs a type of 
supporting tissues adapted to changes incident to development. This is 
known as collenchyma. Such tissue is also sometimes found in mature 
plant parts which remain permanently soft. Collenchyma consists of 
elongate cells which remain alive after maturity, in contrast with the 
condition in sclerenchyma where the mature cell is usually without a 
living protoplast. The ends of the cells are at right angles to the sides, 
or oblique, or tapering, and the walls are markedly thickened. However, 
the walls are soft and plastic, being of cellulose containing a high per- 
centage of water, and the thickening is irregular, the thicker areas being 
in the form of longitudinal strips. These thickened bands are chiefly 
in the corners of the cells, the sides remaining thin (Fig. 31, C), In 

some types of collenchyma cells the thickened areas cover the tangential 
walls rather than the corners (Fig. 31, .B) ; in other cases the thickening is 
confined to those parts of the walls abutting on intercellular spaces 
(Fig. 31, D). The spaces are thus surrounded by thickened parts of 
walls, hollo w-rod-like supporting structures are formed, and an appear- 
ance is given to the collenchyma which suggests thick- walled cells 
scattered among thin-walled cells. All three types are frequent, though 
thickening at the corners is the common condition. To a large extent the 
arrangement of the cells seems to control the type of collenchyma; 
where the cells are in definite tangential rows, lateral thickening is found, 
where the cells are irregularly arranged, corners are thickened, and where 
the cells are loosely arranged, the thickening is around the intercellular 
spaces. The types pass into one another and may even be found together 
in the same tissue. In cross section collenchyma cells are rounded or more 
or less angular. The walls are pitted with large simple pits, especially 
in a tangential direction. The cytoplasm is prominent, and may even 
contain chloroplasts, though photosynthesis is not commonly a function 
of this tissue. The contents of some cells of a strand of collenchyma 
may differ somewhat from those of others, for example, some being 
tannin-bearing and others not, as in Eumex; but collenchyma is always a 
simple tissue, and collenchyma cells are not found mingled with other 
cell types in a complex tissue. The limits of a band or area of col- 
lenchyma may be sharp, but more often the cells merge into the surround- 
ing parenchyma or sclerenchyma by a series of transitional forms. 

In the capability of collenchyma cells for elongation through the 
plasticity of their walls lies the adaptability of this tissue to growing 
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regions. Its thick walis^ the interlocking of the cells to form long 
strands^ and the position of these strands always at the periphery of the 
cortex, supply, the strengthening .qualities. Coilenchynia necessarily 
develops early in the ontogeny of the region where it occurs. 



Fig. 31. — Collencbyma. A, B, transverse and longitudinal sections from stem of 
Solarium tuberosum, <7, D, i?, transverse sections from stem of Abiitilon Theophrasti, 
stem of Asclepias sytiaca, and petiole of Asarum canadense, respectively. 

Two kinds of collenchyma may be distinguished, tem'porary and 
permanent. Temporary collenchyma is destroyed as secondary growth 
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ill diaineter takes place. It is crushed aiul flattened and iiiaA' h(^ reiiioved 
by absorption. This condition obtains in many JicaTaceoiis plants 
which have considerable secondary thickeningj such as AlclUola^^, Cheno- 
podium^ SoUdago. The stems of typical woody plants rarely possess 
collencliyma, and roots are always without it, since support is unessential. 
Permanent collenchyma remains in a normal functional condition in 
mature plant parts. Petioles, such as those of Solanurri and Sanibucus^ 
which are soft and not particularly woody, are supported largely by per- 
manent collenchyma. Soft, herbaceous stems, such as those of Impatiens 
and Pileaj are also supported to a considerable extent in this way, and 
even the strongly woody stems of some herbs — for example, species of 
Aster, Nepeta, Pelargoniurn, Rumex, and Lactuca — possess small amoimts 
of it. 

Sclerenchyma. — In contrast with collenchyma, the other type of 
supporting and protecting tissue, sclerenchyma, has the walls of the cells 
definitely hard and lignified, with a low percentage of water; and the 
cells are in most cases vvdthout protoplasts, though sometimes scanty 
protoplasmic contents remain in the mature cell. The walls are much 
thickened, and uniformly so. In shape and size many kinds of cells occur, 
in sclerenchyma, but two general types are recognized — fibers and stone 
cells. 

Fibers. — Fibers are elongate sclerenchyma cells, usuall37- with pointed 
ends (Figs, 34, 38). Chemically, the walls are usually lignified, although 
there are fibers with walls entirely of cellulose or with various percentages 
of cellulose, and others with mucilaginous walls. The pits of fibers are 
various in shape, but are always small, either round or slit-like in outline, 
and, in mature cells, unless a protoplast is present, are doubtless function- 
less. Pits may be numerous but are commonly rather few in number, 
and in fiber types with excessively thick walls they may be largely absent, 
or present only as vestigial structures. The lumen of fibers is small 
because of the space occupied b^’' the thick wall: it often is a mere channel 
through the center of the fiber and this opening may be blocked in spots 
(Fig. 38, B), so that at certain levels in the filler no lumen exists, only a 
line or spot representing, in cross section, its former position. In the 
development of fibers the protoplast often becomes multinuclcate, the 
presence of additional nuclei being related possibly to the building up of a 
thick wall over so large an area. In most kinds of fibers, however, the 
protoplast disappears as the cell reaches maturity, and the permanent 
cell is dead and empty. Those kinds of fibers which retain their proto- 
plasts, and other types of fibers, are discussed in more detail under the 
tissues in which they occur (see Xylem, Phloem, Cortex, etc.). 

Classification of Fibers,— If the usual and loose use of the term fiber” 
— such as is covered by . tho above definition—is accepted, fibers may 
occur in nearly all parts of the plant. They are most generally found and 
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are most abundant in the ■ cortex, pericycle, phloem, ' and xylem. , It is 
difficult to . classify fibers either from a morphological or from a physi- 
ological viewpoint. However, morphologically, there are two distinct 
types. The fibers of the cortex, the pericycle, and the phloem possess 
simple pits and are thus different from those, of the, xylem, which have: 
bordered pits (although these pits ma}' be so reduced as to be essentially 
simple), since xylem fibers are, morphologically, reduced tracheids. 
Fibers are sometimes divided into two classes, bast fibers and wood fibers. 
These groups are essentially the same as the two just discussed, but the 
terms are poor, since the word ‘‘'basffi' is involved and this has, iinfortu- 
nately, several uses. In its most common use, the term ^^bast” is 
synonymous with phloem, or refers to fibers of the secondary phloem. 
^^Bast fibers’’ in the above classification include fibers of the cortex and 
pericycle as well as of the phloem. Fibers may best be designated by 
means of the tissue or region in which they occur, as cortical fibers, peri- 
cyclic fibers, phloem fibers, wood fibers, etc. 

Fibers may occur singly or in small groups scattered among otliei* 
cells. Usually they form strands or sheets of tissue extending longi- 
tudinally for considerable distances. Their value as strengthening tissue 
is largel}^ clue to their arrangement in these long masses and to the over- 
lapping and interlocking of the cells. They serve also to give general 
firmness to tissues. 

Stone Cells. — In contrast with fibers, stone cells are characterized by 
having diameters essentially alike, that is, the longer diameter of a stone 
cell may be much greater — even several times greater — than the shorter 
diameter, but not many times greater as it is in fibers (Fig. 32, C, Z), (?, 
FI). Many cells will be found, of course, which are transitional in type 
between typical fibers and typical stone cells (Fig. 32, B). Such 

may be called short, stone-cell-like fibers, or elongate stone cells. Stone 
cells may be roughly rounded, polyhedral, short-cylindrical, or very 
irregular (Fig. 32), but, in general, are without definite form. When in 
masses they often vary greatly in size and shape, resembling nothing so 
much as a heap of stones. They may lie loosely together, or, when 
angular, may be closely packed. 

Several other terms are applied to stone cells. The term sclereidj 
meaning a hard, protecting cell, in contrast with tracheid, a conducting 
cell, is often used as synonymous with stone cell; but, unfortunately, 
this term indicate any sclerenchyrnatous cell. In occasional use 
it is restricted to the special type of sclerenchyma which, as columnar or 
branched cells, reinforces photosynthetic tissue in xerophytic leaves. 
The term stcreid is ol)Solete. Stone cells are also known as sclerotiQ 
cells, and, when in loaves and fleshy fruits, as grit cells. The gritty 
parts of the flesh of pears and , quinces arc clusters of stone cells (Fig. 
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Stone colls occur almost anywhere in the plant body, but tlioy are 
most abundant in the cortex, in the phloem, and in fruits and seeds. 



D 




Fig. 32. — Sclerenchyma. A, J5, transverse and longitudinal sections of elongate 
stone cells from cndocarp of Cocos nucifera (coconut shell). C\ stone cells from oiidocarp of 
Crataegus; the pits are fused in groups. Z>, stone ceils (“grit cells”), from the fleshy peri- 
carp of Pyrns communis. E, fibers in transverse section in the poricycle of Cannabis. F, 
longitudinal section of part of one fiber shown in E. G, irregular stone cells from the phloem 
of Tsuga. B, stone cells from the stem cortex of Dracaena fragrans. 


Tike jSbers, they occur singly, in groups of a few cells, or in very large 
masses. The hard parts, of seeds, nuts, and hard fruits generally are 
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made up largely of stone cells of .various types. Where stone ce,lls axe 
scattered^ they merely give firndess,. as in leaves^ flesh of fruits/' etc. 
In masses, they give hardness and mechanical protection, as in many, 
kinds of bark, in the shells of nuts, etc. 

The wall of .stone cells is verydliick and strongly lignified. Occa- 
sionalW, it is suberized or cutinized. The' pits are very s.mall, are always 
round in outline, and are found to form more or less branching canals 
because of the fact that, as the area of the cell wall is reduced on the 
inside by the increased thickening, the pits are brought together (Fig. 
32, /I, C). Two or even several pits thus fuse to form one structure, 
which has but one mouth in each cell, but has as many arms as there were 
original pits. Stone cells are dead cells. Sometimes the shriveled 
remains of protoplasm, and in other cases the contents of the protoplast, 
such as tannin and mucilage, are present. 

THE IMPORTANT COMPLEX TLSSUES 

The structural and functioilal prominence of the vascular system 
renders its tissues of great importance as tissue types. These vascular 
tissues are, in fact, the only complex tissues which need separate discus- 
sion; all others may be interpreted as combinations of parenchyma and 
sclerenchyma, and of modifications of these tissues. The following 
treatment of vascular tissues is of general nature only, since a description 
of xylem and phloem as primary and as secondary tissues, and as specially 
modified in various organs, will be found in other chapters. 

XYLEM 

The Tracheid.— “The fundamental cell type in xylem is the tracheicL 
The tracheid is an elongate cell with tapering ends (Fig. 33), which, when 
mature, is non-living, that is, without a protoplast. > The w^alis are thick 
and in most cases lignified. In cross section the tracheid is typically 
angular, though more oi'‘ less rounded forms also occur. The tracheids of 
secondary xylem, owing to their method of arrangement, have fewer sides 
than do those of primary xylem, and are more sharply angular, often 
definite^ rectangular in cross section. The ends of the tracheids do not 
taper uniformly to the tip in all planes, but the tapering is confined, in 
secondary xylem, largely to the radial plane, and is often on one side 
of the cell only. The end of a tracheid may thus be more oiTess chisel-like. 
The tapering is seen in tangential sections of the tracheid; radial sections 
do not show tapering, the end of the cell in such sections being rectangular 
or somewhat rounded. The pits are abundant and are always of the 
bordered type, though they vary in size, in outline, and in distribution 
over the walls. The lumen of a tracheid is large and free of contents of 
any kind... The tracheid is thus apparently well adapted structurally 
to its functions, which are, primarily, water conduction, secondaril}?^, 
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support. It is a long, empty, firm-walled tube extending parallel with 
the long axis of the organ. It is in communication with contiguous 



Fig. 33. — Tracheids. A, from Woodwardia virginica, onc-sixth of coli shown. B, 
from Finns Strobiis, one-third of cell, shown, C, D, from Quercus alba, C, a normal, and 
D, a flattened and distorted tracheid from the spring wood. (The illustrations of tracheids 
are drawn to scale and to the same scale as are those of fibers and vessels.) 

tracheids— as well as with other types of cells, living and nonliving — 
))y means of pits. These thin areas permit ready diffusion into adjacent 
cells. The arrangement of; tracheids is always such that contiguous 
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(*ells overlap, at least over tlio taperiiig portions, ' and over ihes(‘ arr\as 
of the wall the pits are often abundant. Channels for longitudinal 
conduction are thus provided through a series of liiniina which foiin. a. 

" .more or less direct line, or an anastomosing system. 

The Continuity of the Wails of the Tracheid.— The individual lumina 
are shut off from one another by thick walls, and, in the pits, by the 
closing membranes. The closing membranes, however, except in the 
central region, the torus, are very delicate, and at least in some cases are 
perforat-ed. In m4ny gymnosperms, for example, Larix and Sequoiiu 
the perforations, though microscopically minute, are so numerous 
that the torus is suspended by a mesh work of strands (Fig. 16, /I). In 
such cases the openings are not readily seen unless the membrane is well 
stained, but their presence is demonstrable, since solid particles such as 
those of carbon in India ink pass under pressure from one tracheid to 
another through the pits. This condition is an approach to that found 
in vessels where large openings occur between water-conducting cells. 

Bordered Pits.— The position of pits in the wall of the tracheid and 
the size and shape of pits depend upon the position and nature of the 
contiguous cells. The various larger plant groups are characterized by 
more or less constant types of bordered pits which have definite shape, 
extent of border, etc. Thus the ferns and the clubmosses have trans- 
versely elongated pits with narrow borders and little or no torus. The 
pits lie close together, covering the wall, giving it a ladder-like appearance 
(Fig. 33, A)j whence the name scalariform tracheid, or, better, scalari- 
foryn pitted tracheid, is derived. The former term is undesirable in this 
connection, since it is also used with other meanings, and where definite 
pits do not occur (Chap. V). In the gymnosperms and angiosperms the 
bordered pits are chiefly rounded with wide borders (Fdg. 33, B, C), those 
of the angiosperms being mostly much smaller. The best development 
of the torus is in the gymnosperms, where the bordered pit in traciieids 
probably reaches its highest development (Figs. 16, 17). The closing 
membrane of such pits is so constructed that its position in the pit cavity 
may be readily changed from a median position to a lateral one with the 
torus closely appressed to the aperture of the pit (Figs. 15, C; 16, B, C) . A 
return to the median position and a movement to the opposite side of the 
pit cavity are accomplished with equal readiness. A valve-like action is 
thus secured, the pit being freely open when the torus is in the median 
position, diffusion — ’Or, in perforated closing membranes, direct passage — 
taking place around the torus through the peripheral part of the closing 
membrane. When one of the pit mouths i's closed by the placing of the 
torus against it, direct passage is largely or wholly shut off, and diffusion 
must take place through the thicker and denser torus. Thus, apparently 
^ by changes in the position of the closing membranes of bordered pits, 
some control over the passage of fluids in xylem may be had. It is 
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significant that the type of pit in which this control of tlie passage of 
fluids is present is characteristic of water-conducting cells and does not 
occur elsewhere; also that in the somewhat reduced pits of fiber tracheids 
and fibers the pit membranes have lost the capability for movement. 
The bordered pit will be found further discussed in Chaps. II and VIL 
In simple pits no structural complexity occurs. 

Function of the Tracheid. — Thus the tracheid is structurally adapted^ 
both in lumen and in wall, to the function of conduction. The thick and 
firm walls of tracheids also aid in support, and, where there are no fibers 
or other supporting cells, the tracheids play a prominent part in the 
support of an organ. For this the overlapping and interlocking of the 
cells, and their union into strands and cylinders, are, of course, as impor- 
tant as are thick walls. 

Tracheids alone probably made up the xylem of very ancient plants, 
but in living forms wood is a complex tissue, there being present even in 
the simplest forms of secondary xylem parenchymatous wood rays; and 
primary xylem (as a morphological tissue unit) always contains paren- 
chyma cells. The more complex types of xylem may contain several 
kinds of cells — tracheids; fibers of one or more kinds; vessels of one or 
even of two types; parenchyma cells, known as xijlem parenchyma^ or 
wood parenchyma; and ivood-ray parenchyma. Further discussion of 
the constitution of xylem will be found in Chap. VII. 

The tracheid clearly serves both as a conducting and^as a supporting 
cell. However, evolutionary development in xylem has resulted in a 
specialization of this once simple tissue in such a way that the original 
functions of the tissue have become segregated, and relegated tojlistinct 
cell types — -support to fibers of various kinds, and conduction (of an 
apparently more efficient type) to vessels. The new function of food 
storage has been acquired, and this is carried on by wood parenchyma. 
The wood-ray parenchyma is also concerned with food storage; the ray 
is, however, probably primarily concerned with lateral food conduction. 
In most complex xylem in which the definitely dissociated functions of 
support and conduction are given over to fibers and vessels respectively, 
tracheids are not found. In the -wood oi QiiercuSj and of some other 
genera, however, all three kinds of cells are present (Fig. 82). 

Wood Fibers, — In the phylogenetic development of the fiber, the 
thickness of the wall has been increased and the diameter of the lumen 
correspondingly decreased; the length of the cell, especially of the tapei- 
ing end, in many cases increased, and the^ number and size of the pits 
reduced. This reduction of the pit in size is discussed in detail in Chap. 
II. Where reduction has reached a stage where the lumen is so narrow 
and the pits so small that it is apparent that there can be but little if 
any conduction, typical fibers are formed. Between such cells and nor- 
mal tracheids all intergrading forms occur. These intermediate types, 



TISSUES 63 



34. — Wood fibers. A, typical fiber, from Pyrus Mahis, two-thirds shown. B, 
typical fiber, from Liriodendron Ttdipifera, two-thirds shown. C, libriform fiber, from 
Qucrctis alba, one-f mirth shown. D, septate fiber, from Bwietenia Mahagani, one-half 
.shown. E, mucilaginous fiber, from Q\iercus rubra. F, libriform fiber, from Carya ovaia. 
G, libriform fiber, from Guaiacum sanctum (lignum vitae). //, substitute fiber, from first 
ammdk ling oi Sassafras rariifolium* 
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which cannot be called either typical tracheids or typical fiberSjared(3sig- 
limited fiber tracheids, A line between tracheids and fiber tracheids or 
between fiber tracheids and fibers cannot, of course, be drawn. More 
extreme fiber development results in the formation of a type of fiber with 
very thick walls and with pits so reduced as to be essentially simple 
(Fig. 34, C, F, G), Such fibers are called libriforrn. fibers, because of their 
similarity to phloem fibers (phloem or phloem fibers having been known 
to early students as liber). Libriform fibers occur abundantly in woody 
dicotyledons, chiefly in the more specialized families, such as the 
Leguminosae. Another type of fibers has partitions, or septa, dividing 
the lumen transversely into compartments. The dividing plates in 
these septate fibers are alwa 3 ^s thin and cellulose in nature, in strong con- 
trast with the heavy, lignified, lateral walls (Fig. 34, D). The function of 
the septa is unknown. Septate fibers occur in many plants, but espe- 
cially in shrubs, the more “wmody’^ herbs, in vines, and in tropical trees. 
A septate fiber may readily be distinguished from a row of parenchyma 
cells by the lack on the septa of secondary walls corresponding to those on 
the lateral walls, and by the fact that the middle-lamella-like septum does 
not extend to the middle lamella of the side walls but ends at the surface 
of the secondary wall. A peculiar type of fiber is that known as the 
substitute fiber (Fig. 34, H). This differs markedly from all other fibers 
in that it is a living cell. Its pits are simple. The thick wall serves as a 
mechanical supporting feature, and the protoplast as a food-storage 
region. This cell is thus functionally and structurally a combination of 
fiber and parenchyma cell. It occurs commonly in dicotyledonous herbs, 
and often in shrubs and woody vines. 

Vessels. — Specialization of the tracheid in the direction of adaptation 
to water conduction has resulted in the enlargement of the cell, the 
lumen becoming wide, and in the perforation of the wall by largo openings 
so that transmission may take place directly from cell to cell (Fig. 35). 
The w^all thickness remains about as in the tracheid, or is thinner, though 
vessels with very thick walls are frequently found, as in Carya, Fraxinus, 
and Diospyros. The pits are often more numerous and smaller than are 
those of tracheids and may cover the wall closcl^^ When abundant, 
they may be scattered or arranged according to some definite geometrical 
plan. The distribution of pits is, of course, controlled pidmarily by the 
nature and the position of the contiguous cells. Thus, if another vessel 
is contiguous to the vessel in question, the wall is heavily pitted over 
that part of its surface between the two vessels, whereas onl}^ a. few small 
pits or none exist in the area lying against a fiber. The pits between a 
vessel and tracheids, wood parenchyma cells, and wood-ray cells are 
likewise, in large measure, controlled in position, number, and type by 
the pitting normal to these cells. . , 
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Fig. 3,5. — Vessels in side view and cross section. A, B, from Betula dlha. C, Z>, from 
Liriodendron. E, F, from Lobelia cardmalis, (r, from Quercus alba, J, /, from Pyrtia 
Malus. K, from Acer Negundo, I/, M, from Quercus alba. N, end of vessel from Lobelia 
showing iierforation indicating derivation of porous vessel from scalariform. 0, ends of 
vessels from Lobelia^ showing method of union of vessel units in a series. 
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With increase in size of the vessel goes a reduction (phylogeiietically) 
in length. This shortening becomes excessive as the diameter becomes 
correspondingly great, so that in the larger type of vessels the cell is 
broader than it is high. Accompanying the shortening, and doubtless 
due in part to this modification, the ends of the cell change in shape, the 
angle made by the tapering end wall with the side wall becoming greater 
and greater until the end wall is at right angles 'with the side wall. Thus 
the larger vessel cells are cylindrical, the most extreme forms being drum- 
shaped. 

Uses of the Term ‘Wesseld’ — ^Since the perforations of the cell occur 
usually in the end walls, the development of end walls transverse to the 
long axis of the cell brings a series of cells into a definite tube-like system, 
which pi’ovides for transmission in a more or less nearly straight line. 
8uch a condition is in contrast with the indirect lines of conduction in a 
group of tracheids. A tube-like series of cells thus formed has long been 
known as a vessel^ or trachea. However, these terms, like so many others, 
have, unfortunately, two meanings. They were first applied to the 
definite, open tubes of wood, that is, to what are now recognized as series 
of cells united into a system, much as pieces of water pipe are placed 
together to form a pipe line. The terms are also used to indica^te the 
individual cells which make up such series. When the end walls of these 
cells are markedly oblique, definite direct tubes, or lines of conduction, 
are not set off; and, further, in these cases the individual cell stands out, 
whereas in the tube-like series the individual cell is not evident to super- 
ficial examination. The use of the terms ^‘'vessek' and ^Hrachea'^ as 
indicating series of cells has the support of priority, as well as that of 
long-continued usage. A restriction of the terms to this meaning, how- 
ever, seems hardly practicable, since there exists for the units of the vessel 
no term other than vessel segment^ or vessel imit^ and these are not satis- 
factory in that they do n.ot suggest homology with tracheid and fiber. 
Further, “where definite direct series of open water-conducting cells do 
not exist, these latter terms are wholly inappropriate. It seems better, 
therefore, to continue the double usage of the terms, since the context 
will in most cases make clear the sense in which the word is used; and to 
use vessel elejnent for the individual cell whenever necessary to avoid 
ambiguity. The terms vessel segment and vessel nnit may also be used in 
this sense, but are less desirable. 

Types of Perforations in Vessels. — The perforations of a vessel are 
confined to the end walls except in certain slender tapering types, where 
definite end walls do not exist; in such cells the perforations occur on the 
side walls. Two perforations occur in most vessels, one in either end, 
but three and even four are sometimes found, each opening into a differ- 
ent cell. Two types of perforations occur: one where the opening is 
single and commonly large and more or less rounded, a simple perforation 
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(.Fig, 35j (j, K, L); the other where two to several smaller openings 'are 
clustered^ forming an aperture divided hy transverse bars^ a scalariforni 
ferforatwn (Fig. 35, .4, C, 0). Simple perforations vary in shape from 
round to narrowly elliptical. They occur both on end walls which are 
transverse to the long axis of the cell and on those which are oblique, but 
scalariform perforations are found only on the inclined walls, and chiefly 
on the more strongly oblique ones. Vessels with simple perforations arc 
known as 'porous vessels and those wdth scalariform openings as scalarU 
form vessels. In the latter type the pitting of the side walls ma}" also be 
scalariform or the pits may be circular and arranged in an}" one of several 
ways. That the* perforations of vessels represent enlarged and fused 
bordered pits from Which the closing membranes have disappeared 
is clear. All transitional stages are frequently found; occasionally, a 
single end w"all show’-s typical, normal bordered pits, similar pits 'without 
membranes, and semifused groups of two or more pits. This fusion is, of 
course, not ontogenetic but phylogenetic. 

In porous vessels the proportion of the end wall occupied by the 
perforation is greatest where the wall is transverse; under this condition 
the wall is reduced to a narrow rim, and in extreme cases may be almost 
or quite lacking. The limit of the vessel units is always made clear, 
however, by the segmentation of the lateral wall, and frequently also by 
the median bulging of the walls of the individual cells. A given species 
or genus may possess one type of vessel exclusively, or both types may 
be present in the same tissue. In the latter case the larger vessels are 
more commonly porous and the smaller ones scalariform. 

The vessels of the secondary "wood in many plants possess 
tertiary thickenings (Fig. 14). The functional significance of these 
is unknown. . 

Though vessels characteristically are wide, the more slender forms 
are even narrower than are typical tracheids. From this diameter there 
is a range to a maximum of somewhat over one millimeter. The wider 
vessels are characteristic of certain herbs, such as Zea, many woody 
vines and lianas, and of some trees, as, for example, Castanea^ QuercuSj 
and Fraxinus. 

Vessels are characteristic of the angiosperms; only in a few forms are 
the}^ lacking — certain genera of the Magnoliaceae, the Trochodendraceae, 
some of the Cactaceae, and many parasitic and aquatic groups. In 
some of those their absence is doubtless due to loss through phylogenetic 
reduction and specialization. Vessels also bccur in the Gnetales, though 
not elsewhere in the gymnosperrns, and to some extent in the ferns. The 
frequency of occurrence of vessels in the ferns is in question; in this group 
the perforations are merely exaggerated pits without membranes. 

Woo'd Parenchyma. — In the majority of cases parenchyma cells, 
other than those of the wood rays, occur as constituents of xyleni. In 
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this iissiio they form vertical series of more or less eIo]Lii;.‘dv (‘(‘11s placed end 
to end (Figs. 36, 82). In amount, panmehyma in wood, in addition to 
that in the rays, vaiies from none, as in the wood of certain conifers, such 
as Firms, Ara'acaria, and Taxus, to a considerable propoidion, as in many 
dicotyledons. In primary wood, except in more specialized types, there 
is alwa3\s a considerable amount, especiall}^ in the first-forrned portions. 
The xylem parenchyma cells may be thinwvalled or thick-walled, those 
of secondary wood often having thick, more or less strongly lignified 

walls. In function, wood parenchyma 
serves for food storage and is probably 
also associated with conduction, either 
directl^^ or indirectly. Those parenchyma 
cells which constitute the xylem ra^bs are 
considered in the discussion of, secondary 
x^dem. 

Function of Xylem,— That the xylem as 
a whole is the water-conducting tissue and 
the chief supporting structure of vascular 
plants is without question. The secondary 
functions of food storage — such as the stor- 
age of starch in wood parenchyma and 
xylem raj^s, ^especial!}'" in roots, of w.o.od}?' 
plants— and of secretion — -as of resin in the 
' pine — are also obvious. It has been estalw 

Fio. 30.™ Wood parenchyma beyond cloubt that watci condiic- 

section (the protoplasts omitted tion takes place in the lumina of tracheids 

and vessels. The problem of the rise of 
sap. -through these -cells, . however, ,is .still 
unsolved-. Whether, . . . ' physical, ■ ' processes" 
directly and alone aye concerned, or 
whether the activities of living cells 
are also involved, has long been in dispute. Histological evidence 
strongly suggests that the presence of living cells is necessary to the 
upward conduction of water b^’- tracheids and vessels. Every water- 
conducting cell is in contact in some part of its wall surface with 
one or more living cells, and abundant pits are present in this contact 
area. In highly specialized wood, where the tissue consists largely of 
fibers, and where the water-conducting cells^ — in such cases porous vessels — 
are relatively few, each vessel is ensheathed with parenchyma cells and no 
parenchyma cells occur among the non-conducting fibers. Thus, there 
seems to be a definite correlation between the presence of parenchyma 
and wmter conduction. 
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in the loiigitudinai). A, B, from 
Quercus alba! C\ D, from Pyrua 
Mains; ,F, F, from Carya ovata, 
(The scale of this figure is twice 
that of the figures of tracheids, 
fibers, and vessels.) 
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Sieve Tubes. — Just as in the xjJem the tracheid is the i'umkin,ieii,tal 
structural and functional ceil type, so in the phloem the ^iet'e tube- is 
the inipoi'tfvnt cell type. The phloem is, like the x\J.ern, a eom])lex tissue*. 
It nia>^ (*<.>iit;iin only sieve tubes and phloem parcnehynia, as in the pterido- 
phyt(‘S and many gymnosperms^ or it nuw consist of several cell types — 
sieve tulles, roroponioo eells^ |)hIoem parenchyma of one or more kinds, 
'pJilocjN stone cells, and various kinds of secretory cells. 

As in the xylem the tracheid has undergone cvolutioiuii'y speciidiza- 
tion, so the sieve tube likewise has been consideraldy modified in the 
course of its phylogenetic development. The specialization, however, 
is parallel only in that cell types which are probably nioin efficient as 
conducting structures have been developed. The sieve tube has been 
broadened and shortened, the end wall becoining less tiiui less oblique and 
ultimatel}' transverse, l)ut apparently in no case is the cell wider than 
high, as is the most specialized type of vessel. Pi’obably no new coll 
types have been developed in evolution from the pihnitive sieve tube, 
since the sieve tube has not, like the tracheid, a double function. It is a 
conducting cell onty. The simple phloem parenchyma of the more 
primitive plants has doubtless given rise in complex phloem to two or 
more kinds of parenchyma, and also to the fibers and the stone cells of 
■this tissue. 

Uses of the Term ‘^Sieve Tube.” — In the use of the term sieve 
tube” the same difficulty exists as with the term “vessel.” The term 
“sieve tube” is given to a series of cells: it is also applied to the individual 
cell in such series, and is even more frequently so used. To the individual 
cell, sieve4iihe element^ sieve-tnhe segment y and sieve-hibe unit are also 
applied. Since in the lower, and in some higher, forms no definite 
linear series of cells can be distiiigiushed, it appears necessar}^ — unless 
new terms are coined — to continue the loose double use of the term. This 
is possible without resulting uncertainty, since the context will in most 
cases indicate the exact meaning. The terms “sieve-tube element” and 
“sieve-tube unit” are, however, free of ambiguous meaning. 

Structure of the Sieve Tube. — The sieve tube is an elongate living 
cell with a thin cellulose wall (Fig. 37), The protoplast of this cell has 
a large central vacuole and the cytoplasm forms a thin peripheral layer, 
in which, according to the widely accepted opinion, no nucleus is present 
when the cell is mature. These cells are arranged more or less definitely 
in longitudinal rows and form a series by the connection of their proto- 
plasts through small openings in the wall, .These perforations occur in 
groups in restricted thin areas which are known as sieve plates. The 
limits of the sieve plates are not as well defined in pteridophytes and in 
gymnosperms as in the angiosperms where they are sharply set off from 
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the thicker part of the wall. The sieve plate is divided into sieve fields 
by a network of thicker strips. The sieve fields^ like the sieve plates, 
are not sliarpl}?- defined in lower forms, but become so in the angiosperms, 
the bars between becoming more clean-cut and increasingly thick. 
Through each sieve field in the pteridophytes and the gymnosperms pass 
several to many plasmodesma-like strands. In these cases the sieve 
field is hardly to be distinguished in general structure and appearance 
from a simple pit with its plasmodesma; the protoplasmic strands are, 
however, of larger diameter. In angiosperms the sieve field as such is 
not present, the entire area being occupied by one large protoplasmic 
strand. This strand appears to represent the fused and enlarged group 
of connecting threads of the lower plants, the area of wall occupied by the 
sieve field having been lost. 

The perforation of the wall by conspicuous cytoplasmic strands and 
the absence of a nucleus are the outstanding structural features of the 
sieve tube.- Some question has arisen as to the absence of the nucleus; 
it has been suggested that nuclear substance is possibty present in a 
diffused or scattered state; also, that when the nucleus has disappeared, 
the sieve tube is already degenerate, and that its life as a functioning 
conducting cell is over at this stage. On histological evidence the latter 
condition seems unlikely, since the nucleus apparently disappears with, or 
just before, the 'attainment of full size in the cell, and the sieve tube may 
remain for sometime, even for several years, without further structural 
change. 

In shape, sieve tubes cover a range similar to that of the tracheid- 
vessel series: in pteridophytes and gymnosperms the ends of the cells 
are long-tapering, and an end wall as distinct from a side wall is not 
apparent (Fig. 37, A, C); in angiosperms a similar type is also present, 
but in the majority of cases there is a well-defined end wall which is 
oblique (Figs. 37, H, M; 90, B, D)^ or, in the most specialized forms, 
transverse (Figs. 37, P, S; 91, C). The sieve plates are scattered over 
the side and end walls, or are restricted to certain walls, as to the radial 
and end walls in the sieve tubes with long-tapering ends ; but they are more 
or less restricted to the end walls where the cell tapers more abruptly 
or has a transverse end wall. The number of plates on the side walls 
varies greatly: there are usually few or none where the end wall is trans- 
verse or nearly so (Fig. 37, P, S ) ; where the end wall is long- tapering, the 
side wail — as well as the end wall from which it is hardly to be distin- 
guished — may be completely covered by closely set sieve plates (Figs. 
37, E; 90, B). The presence, number, and position of sieve plates is 
to a large extent controlled by the position and the arrangement of the 
surrounding sieve tubes. Sieve-tube elements may be somewhat lobed 
or forked and may even have three definite projections connecting with 
the ends of as many other sieve-tube elements. Where well-marked sieve 
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Fig. 37. — Sieve tubes in side view and cross section, with detail structure ^of ssieve 
plates in some cases. A, B, from Pteris aquilina, only one-fourth of cell shown. G, D, 
from Tsuga canadensis, only one-third of cell shown. E, F, G, from Jnglans 'nigm; GlpmX. 
of sieve plate in detail. U, I, J, K, L, from Liriodendron; H, I, with companion) ceils 
attached; J, K, detail of sieve plate and of lattice resioccti vely ; L, sieve plate in section. 
M, N, 0, from Pyrus Malus; O, detail of sieve plate. P, Q, R, from Solanmn tuherosum.; 
R, detail of sieve plate. >S, T, U, from Robinia Pseudo- Acacia, with companion cells 
attached; u, detail of sieve plate. (The sieve tubes are drawn on the same scale as 
1raeheid.s, vessels, and fibers. All enlargements of sieve plates and lattices are_on the 
same scale.) 
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phitoH are lacking on the side walls, vestigial plates, known as luttice^^ 
arc often prc^sent (Figs.- 37, //, S] 91, ^1). These resemble typical plates 
of various types, but are indefinite and often ghost-like; the perforations 
are exceedingly minute, being often no larger than normal plasmodesma 
(Fig. 37, /i), and in some cases are perhaps lacking. Stages intermediate 
between typical sieve plates and lattices may be found; such plates 
show few perforations and these are much smaller than are those of the 
normal plates. 

As in the vessel, the more nearly transverse the end wall the fewer the 
perforations/ until in the end wall which is transverse, the perforation is 
solitary; so in the sieve tube, the number of plates becomes less and less, 
and these become correspondingly more sharply defined and their pores 
larger the more nearly transverse the end wall, until but a single plate 
occurs in the wall which is at right angles to the side walls. In the latter 
type the largest pores occur (Fig, 37, 8, V). 

Contents of Sieve Tubes, — The cytoplasm of sieve tubes forms a 
thin layer about a large central vacuole; it may contain a few leiico- 
plasts and scattered starch grains, but is not densely granular. The 
ceil sap contains in solution protein compounds which are often of slim}^ 
nature. In some plants this albuminoid substance is abundant, and after 
the cells have been killed and fixed is found in a coagulated mass usually 
consisting of two prominent portions which lie against the sieve plates 
at the ends of the cell, and which are connected by a slender median por- 
tion. In other cases, the parts of the coagulated material are entirely 
separate, or may be drawn together into a single mass. Since projections 
of these masses penetrate and fill the pores of the sieve plates; the protein 
masses are known as slime plugs (Figs. 90, (7; 91, C). The plug at the 
lower end is usualty larger than that at the upper end of a cell. Whether 
the protein substances are aggregated in this way at the ends of the cell 
in the normal living sieve tube, or are imifonnly distributed through'the 
vacuole, or are collected chiefly in the center, seems to be in qxiestion. 
Cell sap with ahundant slimy proteins is characteristic of many sieve 
tulies with transverse end walls. 

Callus. — As sieve tubes cease to function, cither temporarily or 
permanently, the sieve plates may be covered by a closing sulistance in 
cap-like masses, which are known as callus^ or callus pads. These masses 
consist of the carbohydrate, callose, which is a colorless, glistening, highly 
refractive substance. The callus pads cover the sieve plates completely, 
often becoming quite thick, and projections penetrate the pores. 
Thus, when callus is present, communication between the cells appears 
to be cut down or entirely prevented. Callus does not form over typical 
lattices, a fact which in itself is, evidence of their lack of function as sieve 
plates. The callus which forms at the approach of a rest period, seasonal 
callus, may be dissolved as- activity, again comes on, as in the spring in 


some woociy plants, but most callus is definitive^ liiiiitiiig finally-’-' the 
activity of the cell. Such callus is said to form in all old sieve tubes., 
' but this, is questionable, since in some species no callus deposits have 
been seen. 

Phloem Parenchyma. — Several 
types of parenchyma cells may occur 
in the phloem (Fig. 39). These have 
been distinguished as ca/mhiformparen- 
divided cambifoi'm paren- 
and conducting parenchyma. 

The various types, however, are not 
sufficiently different to render this 
distinction of value. Cambiform cells 
are elongate tapering cells, in size and 
shape suggestive of cambium cells, as 
the term implies; divided cambiform 
cells result from the transverse divis- 
ion of cambiform cells; conducting 
parenchyma cells are shorter, broader 
cells with transverse end walls. 

Companion Cells. — The compan- 
ion cell is a special type of paren- 
chyma cell associated structurally and 
functionally with the sieve tube. In 
the development of the sieve tube 
from the sieve-tube mother cell, a 
longitudinal division occurring soon 
after its formation by the cambium 
cuts off the companion-cell mother cell. 

Such is the plane of this division that 
the companion cell, when seen in 
transverse section, is usually a small 
triangular, rounded, or rectangular 
cell at a corner or along one side of 
the sieve tube (Fig. 37, /, T). The 
position of companion cells, especially 
in primary phloem, is sometimes such 
that it cannot be readily determined 
with which particular sieve tubes they 
are associated. This is frequently the 
condition where more than one longi- 
tudinal division has occurred, and where, therefore, two or more companion 
cells accompanying a single sieve tube appear in cross section . Wlum seen 
in longitudinal section, the companion cell is an elongate, usually slender 



Fig. 38 — Phloem fibers, longikicUniil 
aud transverse sections. *1, from Sali^) 
nigra, only two-tliirds of cell shown. B, 
from Pyru.'i Afalus. C, from Rohinia 
Pseudo- Acacia, (The scale is twice that 
of the figure of sieve tubes.) 
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cell of somewliat unsymmetrical shape. It may extenxl only one-half 
or one-third the length of the sieve-tube element^ or quite its full length; 
or, because of transverse division in the companion-cell mother cell, there 
may be a row of several short, cylindrical cells extending the length 
(Fig. 37, //, S) or part of the length of a sieve-tube element. Thus, 
a sieve-tube element may be accompanied by one to several companion 
cells. In a given species there is considerable constancy, however, 
in the number of companion cells accompanying such a cell. The 
solitary, very long companion cells seem to be more frequently found in 
primary phloem and in herbaceous plants; the short and numerous com- 
panion cells appear to be characteristic of the secondary phloem of woody 
plants. In some plants companion cells are present with every sieve 
tube; in others, as in Solanum tuberosum^ part of the sieve tubes are 
without them. However, companion cells doubtless occur in all angio- 



Fig. S9, — Phioem jDarenchyma, longitudinal and transverse sections. *4, /i, from 
Salix nigra, C, D, from Rohinia Pseudo- Acacia. E, P, from Liriodendron. G, II, from 
Pyrus Mains. 

sperms, though in pteriodphytes and gymnosperms they are lacking. 
Functionally, the place of these cells is taken in these groups by special 
parenchymatous cells, which are not, however, definitely associated in 
position with individual sieve tubes (Ghap. VIII). 

Companion cells are further characterized by the presence of a proto- 
plast with a prominent nucleus, small vacuoles, and densely granular 
cytoplasm. Starch is not found in theni at any time. They have 
numerous simple pits connecting with the sieve tube with which they are 
associated, and very few or no pits leading to other parenchyma cells. 
Companion cells, judging from their position, prominent pitting with the 
sieve tube, type of food content, and the presence of a nucleus when the 
sieve tube lacks one, probably assist the sieve tube in conduction. 
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Phloem Fibers. — Sclerenchymatoiis cells -are frequent in the secondary 
phloem of angiosperms, fibers (Fig. 38) being more common than stone 
cells. No mechanical elements occur in the phloem of living pterido- 
phytes nor in that of some gymnosperms and a few woody angios])erms : 
that of herbaceous plants is also largely without them. The fibers of 
phloem differ from those of xylem chiefly in that the pits, which have 
smallj linear or rounded openings, are always simple. The walls are in 
nearly all cases lignified. The long-tapering ends glide past one another 
in development and become interlocked, the fibers thus forming strong 
strands. Often they are arranged in tangential sheets or in cylinders 
enclosing the inner axis. They are obviously of importance as layers 
protective to the soft cambium region within, and also to some extent as 
longitudinal strengthening tissues. In some cases, as in Dirca palnsiris, 
they apparently are of more importance in supporting the stem than is 
the xylem cylinder itself. 

The Term — Because of the strength of strands of phloem 

fibers, these have long been used in the manufacture of cords, ropes, etc., 
and in the weaving of matting and cloth. Fibrous tissue used in this 
way has been known since early days as hast, or bass. The term was 
originally applied to any fibers obtained from the outer part of a plant, 
though a large part of such material came from the secondary phloem, 
as in the basswood, Tilia. When the secondary phloem was recognized 
as a tissue distinct from the cortex, the term ^/bast^^ was applied to this 
tissue, since it was the more common source of "fibers. And in this 
sense, that is, as synonymous with phloem — as wood is synonymous with 
xylem — ^^bast^’ is still in frequent use. With the term used in this mor- 
phological sense, the fibers of the phloem hecmie bast fibers. Unfortu- 
nately, however, fibers called '^bast fibers, which are obtained from the 
outer portions of many plants, and which are used as are those of the 
phloem, belong in the pericycle and cortex. To these also the term 
^'bast fibers,” or simply ^^bast,” is freely applied, a return to the older, 
non-technical use of ^'bast.” Thus the term ^'bast” is used to such an 
extent without accurate botanical meaning that it seems best that it be 
discontinued as a technical term. Further, it is superfluous, since the 
terms phloem,” ^‘phloem fibers,” ^^pericyclic fibers,” and ^‘cortical 
fibers” cover with definite meanings all its uses. 

Function of the Phloem. — The chief function of the phloem is conduc- 
tion. According to the widely accepted opinion, the elaborated food- 
stuffs, both proteins and carbohydrates, move down the stem from the 
leaves to the trunk, roots, and other parts of the plant through this tissue. 
Material thus translocated may be used in respiration and growth, or 
stored for future use. Judging from the structure of the sieve tubes, 
especially from the perforation of the walls with fairly large openings, 
and from the fact that the contents of sieve tubes are highly protein in 
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nature, it is supposed that these elements are chiefly concerned with the 
conduction of proteins. The presence of small amounts of starch under 
some conditions indicates that carbohydrates may also be carried, 
though the starch in these cases is perhaps onl}^ the early stage of callose. 
It is probable that the phloem parenchyma also functions in the conduc- 
tion of sugars and the more readily diffusible proteins. 

Recent experiments with the ringing of woody plants seem to indicate 
that the phloem may also be important in upward translocation, not only 
of elaborated foodstuffs but of mineral nutrients as w^ell, and that this 
tissue may be of more importance than the xylem in the movement of all 
solutes. Just how this movement takes place is no better understood 
than is the movement of water in the xylem. 

Minor functions of the phloem are the storage of starch, in the paren- 
chyma cells and assistance in the support of the stem by various types of 
sclerenchyma. 

Transfusion Tissue. — A peculiar type of conducting tissue, which 
consists largely of short tracheids with thin, cellulose walls and bordered 
pits or reticulate or scalariform thickenings, often accompanies typical 
vascular tissue in the leaves of the gymnosperms. These cells are 
tracheid-like in the character of their pitting and in the absence of a 
protoplast, but otherwise suggest elongate parenchyma cells. They lie 
adjacent to typical xylem at the sides of the bundle and may partly or 
even completely surround it. Since these cells seem to serve as conduct- 
ing tissue, connecting the veins and the mesophyll of the leaves, taking 
the place of the usual very small branches of the veins, they form together 
wdiat is called transfusion tissue. Though the function of this tissue is 
still uncertain, it undoubtedly represents modified vascular tissue. 

Tissue Systems. — All the tissues of a plant which perform the same 
function, regardless of position or continuity in the body, are considered to 
form together a tissue system. In this sense the term is wholly a physi- 
ological one. Thus, there are found in physiological tx^eatments of 
anatomy such tissue systems, as IHhe mechanical system,” 'Hhe absorb- 
ing system,” and ‘The storage system.” The various parts of most of 
such systems, however, ai'e bound together only by function; they have 
little or no structural or morphological unity. Continuity and similarity 
of nature or of origin may be lacking. 

From a morphological viewpoint the grouping of tissues into tissue 
systems is of little importance. It is sometimes convenient, however, 
to designate a group of tissues in this way. In the morphological sense a 
tissue system must be a complex of cells extending continuously through- 
out the plant body or over a considerable portion thereof. It may be so 
simple as to consist of only one type of cell or one type of tissue, or of 
two or more ty])es of tissues. Very few systems in any way structiuvally 
distinct can be distinguished, however. The older students of anatomy 
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distiiigiiislied an epidermal^ or teg imieniary^ system; a fimdami einl^ or 
ground, system; and a vascular system: The distinction of tlie two 
systems lias., as a whole, little value in present-daj^ anatomy, and 11*0111 a 
morphological viewpoint may well be discontiniiecL The vascular systvni 
is, however, a tissue s^^stemof such uniformiti^ and continuity of striudure, 
and of such constancy of function that it constitutes an important gross 
structural feature of the plant body. Xyieni and phloem always make 
up the vascular system, and other tissues have no part in it. Hem^e the 
term is often a convenient and valuable one. 

SECRETORY TISSUE 

All cells directly concerned with the seei’etion of gums, resins, essential 
oils, nectar, and similar substances are together frequently referred to as 
secretory tissue. Such a classification is, of course, purely a physiological 
one, in the sense just described, as secretory cells and tissues in many 
cases do not have a common origin or morphological continuity. Thus, 
frequently secretory cells ma}^ be wholly isolated from other similar 
cells, being embedded in pith, xylem, phloem, cortex, or, in fact, in any 
tissue. On the other hand, in some cases an aggregate of secretory cells may 
occur and form a tissue in the strict morphological sense. Not infrequently 
such cells constitute a definite, organized secretory structure or gland. 

Secretory Cells. — Secretory cells are of two general types: those in 
which the secretion foimed is exuded from the secreting cell, as in glandu- 
lar hairs, secretory surfaces — such as nectaries — the epithelium of resin 
and oil canals, etc.; and those in which the secretion formed is stored 
within the secretory cell. The term excretory cells is often applied to the 
first type. This type of cell is usually characterized by a protoplast 
with prominent, richly granulai- cytoplasm and a conspicuous nucleus 
(Figs. 40, A, B, C, E; 41, B, C, E); the secretory cell is usually large 
witli inconspicuous cytoplasm and large lumen filled with the secretion 
(Figs, 40, H ; 129, B), This type of cell contains in various plants many 
different substances, such as essential oils in Liriodendron, Sassafras, and 
Zingiber, and mucilage in many ferns. Glandular hairs often show elab- 
orate specialization for various functions, as, for example, the stinging 
hairs of Urtica (Fig. 41, A ). Such specialized hairs are often multicellular. 

Glands. — Secretory cells are in many cases organized into special 
secreting structures commonly known as glands. The term gland is 
also used more loosely to indicate secreting structures of any kind, includ- 
ing those of all stages of complexity of organization from the solitary 
secretory cell to the more elaborate structures. Glands are various in 
function, but among the more common types are those which secrete 
digestive enzymes, called digestive glands, and those which secrete nectar, 
known as nectaries (Fig. 40, A, C). Other types are hydathodes, resin 
ducts, oil ducts, laiiciferoiis ducts or glands, etc. Glands or ducts may have 
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central cavities either for storage or for conduction.;, in which case the 
cavities are either schizogenous (Chap. II), as in the resin ducts of 
Pimis (Fig. 40, B), or lysigenoiis, as in the oil sacs in the rind of the 
fruits of Citrus (Fig. 40, F). 



.Fig. 40. — Secretory tissue. A, section of surface of nectary of Eu^Yiorhia puJchcnima. 
B, cross section of resin canal of Finus Strobus. C, section of floral nectary of Pyrus Mains. 
D, latex vessel from. Tragopogon, absorption of cross-walls in progress. E, cross section 
of oil canal of young fruit of Angelim atropurpurea. F, section of lysigenous oil cavity of 
rind of Citrus sinensis. G, latex cells from cortex of Euphorbia spLenchns. H, secretory 
cell of bud scale of (D, after Scott.) 

Digestive Glands , — In the majority of plants, enzyme secretion is not 
confined to specialized cells or tissues, but is a characteristic of most of 
the living cells. In certain so-called insectivorous and carnivorous 
plants, however, there are special glands which secrete protein digesting 
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enzymes; these enzymes act upon insects or other organisms, so that the 
products of digestion can be absorbed b}^ the plant. In Drosera^ the 
secretory tissue is at the tips of the leaf ^ ^ hairs or ‘tentacles/’ striietiires 
which also serve to imprison the insects. Here, in addition to the diges- 
tive enzymes, there are secreted viscid substances which hold the insects. 
In such plants as Nepenthes and Sarmcenia, which normalh' have pitcher- 
like traps partly filled with liquid, the glands are sessile and secrete 







Ftg. 41. — Secretory hairs. A, stinging liuir from Urlica gracilis, B, C, two types of 
glandular hairs from leaf of Pinguicula. top view of B, E, glandular hair from ovfjry 
of Gaylussacia haccata. (The scale of A is much less than that of the others.) 

the enzymes into the liquid from which the products of digestion are 
absorbed. In some other genera, for example, Dionaea and Pinguicnda 
(Fig. 41, jB, C, D), the glands are inactive except when stimulated by 
contact with animal matter. Less specialized glandular tissue of this 
type is found in the embryos of certain seeds, but such tissue is usually 
not clearly differentiated. 

Nectaries . — Many entomophilous plants provide nectar for the 
attraction of insects. This substance is secreted by specialized cells 
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either on the floral parts themselves or^ more rarely^ on bracts or other 
structures outside the flower. Usually, the secretion of nectar is from 
specialized epidermal cells which cover certain regions of the flower, 
rather than from elaborate organs adapted to secretion alone. Definite 
and elaborate structures do, however, occur in certain families, for 
example, the Euphorbiaceae. In the less specialized nectaries the 
secreting cells are superficial upon the floral parts and in most cases 
closely resemble the other epidermal cells of the region but lack a cuticle 
(Fig. 40, C). Sometimes they are set off from the surroimding epidermal 
cells by a somewhat more columnar or papillose shape and by denser 
cytoplasm (Fig. 40, A). The nectar is exuded through the wall and 
exposed upon the outer or nectariferous surface. The secreting cells of 
stigrnatic surfaces are of the same nature as those of nectaries, but are 
often not clearly set off from the normal epidermal cells. 

Hydaihodes, — Many plants possess organs for the exudation of water 
under conditions of low transpiration and abundant soil moisture. 
These are known as hydathodes oi sometimes as water yores or water 
stomata. Morphologically, they are considered to be stomata which 
have been adapted for water secretion. Structurally, the}^ resemble 
stomata very closely in many cases, but in others they ma}^ show elaborate 
structural specialization. Such structures do not ^bsecrete the fluid, but 
merely provide and control the openings through which it escapes. 
Hydathodes occur commonly at the tips of the leaves, as in grasses; 
at the apices of serrations on the margins of leaves ; and in other positions. 
They are found mostly on plants of humid climates. 

Resin Ducts. — In the gymnosperms generally and in a considerable 
number of families of the angiosperms, ducts for the secretion and con- 
duction of resins, oils, gums, and other substances are present. In 
some cases, as in Pinus, these ducts or canals may form extensive S 3 ^stems 
extending both vertically and horizontally. On the other hand, in other 
plant groups the ducts may be local in occurrence and limited in extent, 
as in the fruits of the Umbelliferae. In Pinus and closely related genera, 
the resin ducts are schizogenous in nature, and when mature, have the 
structure of a tube with an epithelial lining (Figs. 40, B \ 13S, B). The oil 
ducts of the Umbelliferae (Fig. 40, E) are apparent^ of the same general 
nature. The secretory cells lining these cavities are thin- walled paren- 
chyma with dense protoplasm. In general, these cells are elongated 
with the long dimension extending parallel with the long dimension of 
the duct. The substances secreted are various in nature, and in some 
cases — as, for example, the resin of Pinus and of Agathis (Kauri gum), 
and some essential oils— are of much economic importance. 

Another type of gland is that found in the rind of the fruits of Citrus 
(Fig. 40, F). Here there is a lysigenous cavity filled with essential oil 
and other substances which have been formed by the disintegration of the 
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cells and as definite secretions before the breaking down of the tissues. 
The exact origin of this secretion is not well understood. These glands 
are the source of the essential oils of lemon and orange. 

Laticiferous Ducts. — Latex is found in a considerable number of 
angiosperin families. This substance appears as a white or yellow^ some- 
times slightly viscous fluid which has been shown to be an emulsion of 
proteins, sugars, gums, alkaloids, enzymes, and other substances sus- 
pended in a matrix of watery fluid. Starch grains may be abundantly 
present. Just what is the function of latex is not well understood, but 
it is thought to be connected in some way with the nutrition of the plant. 
It is apparently secreted by the cells in which it is contained, and is 
conducted by them throughout the plant body. The latex of some 
plants is of great importance, especially as a source of rubber (Hevea^ 
Ficiis^ etc.), chicle (Achvas), and papain (Carica), as well as for other 
substances. Laticiferous ducts are of two types — one known as latex 
vessels and the other as latex cells. 

Latex Vessels. — ^Latex vessels originate from rows of meristematic 
cells by the absorption, either complete or partial, of the separating walls 
early in the ontogeny of the vessel (Fig. 40, D). In the mature plant a 
much-branched anastomosing system is formed l>y the joining of more or 
less parallel ducts through connecting living cells and by the pushing 
out of lateral outgrowths into the surrounding tissue. A latex vessel 
thus resembles a xylem vessel to the extent that it is made up of a series 
of cells forming a tube by the dissolution of the end walls. Latex vessels 
are, however, living and coenocytic in nature. Among the families 
having this type of laticiferous ducts are the Papaveraceae, the Caricaceae, 
and the Musaceae, also the genus Hevea in the Euphorbiaceae. 

Latex Cells. — The function and contents of the latex cell and the 
latex vessel are essentially the same, but the method of origin is cpiite 
different, in that the latex cell, instead of being the result of the fusion 
of many cells, is structurally a single cell. Latex cells occur as minute 
structures in, the embryo of certain plants and, as the plant grows, each 
ceil develops into a branching system ramifying throughout the entire 
plant body (Fig. 40, G). In this extraordinary method of growth the 
tips of the growing cells make their way through the tissues much as the 
hyphae of a parasitic fungus penetrate between the ceils of a plant. 
In this type of laticiferous duct, there are no anastomoses as in the latex 
%"esseL Latex cells are characteristic of most genera of the Euphorbia- 
ceae and the Asclepiadaceae, as well as of other groups, 
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CHAPTER V 


THE PRIMARY BODY 
THE PRIMARY TISSUES AND TISSUE SYSTEMS 

L The developing embryo of a vascular plant is very early differentiated 
into an axis and appendages, and the axis is in a short time differentiated 
into stem and root. ) (These first-formed parts of the plant body grow 
rapidly and (except for the interruption brought in the resting period 
of seeds) soon become mature.) The root and stem remain meristematic 
at the tip, but the appendages, which are of limited growth, become 
mature throughout.) Exceptions to the continued growth of the axis 
occur, for example, in flowers, thorns, and specialized roots; but normally 
the apical growth of the axis is unlimited, and by its activity the root and 
stem are increased in length, and the lateral structures, both the append- 
ages of various ranks and the branches of the stem, are added. Branches 
of the root develop in a different way (Chap. X), and adventitious roots 
and stems develop nearly always from new meristems formed in perma- 
nent or in traumatic tissue. 

Apical meristems, together in some cases with intercalary meristems, 
thus build up the new portions of the stem and root and form the append- 
ages. These part'' bf the body are structurally and functionally complete, 
at least tempori' ily, and constitute the primary body of the jrlant. 
Secondaiy growt may be added later, but the primary body is complete 
in itself. Thus all the fundamental tissues and body parts are present 
when primary growth is completed. These are, in the axis, the central 
cylinder with its .xylem, phloem, pith, perieycle, and endodermis; the 
cortex; the epidemiis; and, in the leaf, .the corresponding regions and 
tissues. These parts show great variety of structure in different plants 
and in different parts of the same plant; that is, the vascular tissues of 
the central cylinder are arranged in one plant in a way entirely different 
from that in another plant, and at a node are differently placed than in 
the adjacent intei'nodes. Such variations of grosser general structure 
are discussed later in the chapter; the present discussion is given to the 
histological and anatomical features of the various primary tissues and 
regions. 

Ontogeny of the Axis.-— At or near the apex of the axis lie the apical 
cells, the persistent initiating cells which develop the primordia of every 
region (Fig. 27). The cells cut off by the apical cells divide rapidly, 
forming a multitude of cells similar in every way. The region made up 
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of these~a region in which growth takes place largely by increase in 
number of cells through division, rather than by increase in cell size—is 
the proineristem (Pigs. 25, 28, 42). The cells of the pronieristem differ- 
entiate as they become older, showing evidence in changes of size, shape, 
wall thickness, and character, etc., of the various different cell types inin 
which they are destined to develop. With this step the proineristein 
passes over^^^m^ meristem in which a certain amount of cell differentia- 
tion is evident. This latter type of meristem in turn passes over into 
permanent tissue. Thus, there is progressive development in any 
group of cells from promeristem cells to permanent tissue through phasc^s 
of meristem change. Thus, if a group of cells is viewed at different 
periods in its development, it will be found in the various stages men- 
tioned. And, since the growth of the axis is apical, and since the various 
structural features of the axis are likewise continuously formed, there are 
found at various distances back from the apex, stages of development 
representative of the stages through which a given group of cells will 
pass as the cells become older. In other words, the development through 
which a given part of the axis passes, over a period of time from its 
beginning until it reaches maturity, may be found at any one time in differ- 
ent levels of the axis, progressively farther and farther from the apex. 
Thus, development as seen in spatial jxtent supplies the story of develop- 
ment in time. (The differences tn nodal and internodal structure 
are here neglected.) It is thus evident that a series of cross sections of 
the axis taken in turn farther and farther away from the apex give the 
history of development of a cross-sectional area. Such a series is shown 
in Fig, 42, which also shows in longitudinal section progressive differentia- 
tion without break in continuity, though, of course, only in the plane of 
section. In order that a comprehension of primary structure may be 
had, it is essential that this gradual differentiation in time be understood, 
as well as the fact that this may be seen expressed in space in the longi- 
tudinal extent of the growing axis tip. 

The transition from meristem to permanent tissue does not take place 
simultaneously throughout a given level in the axis; there is an over- 
lapping of the meristem upon the mature tissues. For example, Fig. 
42, c-c shows a stage where the pith and a part of the vascular tissues are 

Fig. 42. — Diagrams showing development, of the axis. longitudinal section of tip 
of elongating axis, a-a to g-g, cross sections of the axis at levels a-a, h-h, etc. At a~a, the 
entire axis is promeristem. At h-h the dermatogen (d), procaanbium {pc), and pith (p) are 
in early .stages of development. At c-c, the procambium has increased in amount, forming 
a complete cylinder,' the outermost and innermost procambium has become protophioem 
(:PP) and protoxyiein {;px) ; the endodermis (e) is e'V’ident. At d-d, the i)roeambium is 
less in amount, large portions of this tissue adjacent to the protophioem and protoxylem 
having become pliloem and xylem. At c-c, the remaining layer of procambium has become 
the cami)ium, juid lias formed the first secondary phloem (sp) and secondary xylem (sa-) 
cells. At/-/, the secondary tissues are increased in amount; the primary jihloem (prp) is 
reduced by crushing; the cambium has moved outward. At g-g, further secondary growth 
has occurred. ■ - . ‘ 
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iiiatiire. Other cells beside or around these are immature, being in the 
stage of procambium or even of promeristem. In a similar way, primary 
growth of a given section of the axis is not completed throughout the 
region in question before secondary growth begins; that is, there is here 
again an overlapping in development. It is thus impossible definitely 
to delimit by transverse planes the promeristem or the primary tips; 
this may, however, be done approximately. 

Appendages consist chiefly of primary tissues. Leaves may be wholly 
primary; often the larger veins possess secondary growth. The ontogeny 
of the leaf is discussed in Chap. XII. 


PRIMARY VASCULAR TISSUE 

The Procambium. — In the differentiation of the axis and of the leaf 
out of promeristematic tissue the presence of a dermatogen is in most 



Fig. 43. —Procambium in cross and longitudinal section in stem tip of Linum usiiaiis- 
sinmvi. The procambium cells have smaller transverse diameter, are elongate, and have 
more dense cytoplasm. 


cases the first evidence of the structural complexity of the mature organ. 
The first cells to become mature, however, either in leaf or in axis, belong 
to the vascular tissue. In the promeristem, where all cells are essentially 
isodiametric and alike, there early appear groups or strands of narrow, 
elongate, densely protoplasmic cells (Fig. 43). This tissue is destined 
to give rise to xylem and phloem and is known as 'procmnhium. (The 
term “pro cambium” is here used as indicating that meristematic tissue 
which gives rise to the morphological vascular units, and not in the 
physiological .sense of application to any elongate cells which are 
cambium-like in shape and activity.) The procambium foreshadows, as 
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spf 3 ciali 2 atioii begins in the promeristein, the position^ the direction of 
development in relation to the center of the axis, and, to a certain extent, 
the amount of primary vascular tissue in the mature organ. CThe first 
procambium of an axis appears usually in definite, isolated strands. The 
cells of these strands at a given place or level i n a n pr^an do not mature 
sim ultan eo u sly from promeristem, but de velop ..in ,_order . . in _ definite , 
restricted directions h'om a fixedjipintmL^^^ By the continued 

addition of” cells from the adjacent promeristem the procambial strands, 
at first very slender, become much increased in size. Such enlargement 
is often so great that the strands fuse and form a solid central core or a 
hollow cylinder (Fig. 44). While more and more procambium is develop- 
ing from promeristem, the first-formed cells mature into xyleni and 
phloem cells. Thus there may be found in the region of a developing 



Fig. 44. — Diagrams showing stages in the development of a procambium cylinder from 
promeristem. -4, the first procambium has appeared in the promeristem in the form of 
strand*s. JB, the strands of procambium have increased in diameter, ai)proaching one 
another, and the oldest portions (on the outside and the inside) have become phloem and 
xyiem. C, the strands of procambium have united laterally, and more procambium lias 
matured as phloem and xyiem. In a later stage all proeambium will have become vascular 
tissue, forming a primary vascular cylinder. 

procambial strand all stages from promeristem to mature vascular tissue. 
Indeed, when some cells have already become xyiem and phloem, other 
promeristem cells, of like destiny, may as yet show little or no indication 
of change. 

Just as the cells of a procambial group are thus formed progressively 
from promeristem, so cells of xyiem and phloem mature in like manner 
from the procambium. Definiteness and uniformity of order of develop- 
ment transversely in an organ are important characteristic features of 
primary vascular tissue. The points of beginning of this development are 
constant in position in certain organs and in certain plant groups. They 
are commonly situated on the edge of the procambial group of cells. 
Since vascular tissue consists in nearly all cases of both xyiem and phloem, 
the procambium is made up of two parts, one of which develops xyiem 
and the other phloem. These regions are not, however, histologically 
distinct in early stages. Only when the first cells of xyiem and phloem 
approach maturity can the position of the respective tissues be deter- 
mined with certainty. The portions of the proeambium which form the 
first xyiem and those which form the first phloem are situated well apart, 
either radially, as in stems and leaves, or tangentially, as in roots. 
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Centripetal .and Centrifugal Growth. — Tlie (lev(3lopme.nt of , mature 
vascular cells from procambium progressively from the point of beginning 
toward the center of the axis is known as centripetal growth (Fig. 45 /jB), 
and that away from the center of the axis, centrif ugal groioth (Fig. 45, .^4), 
Idiese terms apply to the order of maturation of the elements radially. 
Development in a longitudinal direction, is, of course, in general, acropetal; 
basi'petal development may occur in the bundles of leaves, in leaf traces, and 
in stems where intercalary meristems occur, and where, in apical growth, 
nodal regions mature before internodaL The development of phloem 
is probably alwa^^^s centripetal, whereas that of xylem is sometimes 
centripetal and sometimes centrifugal. Less commonly, the first-formed 
cells are situated, not at the edge of the procambium, but nearer the 
center, and development is then both toward and away from the center 
of the axis (Fig. 45, C). In xylem when the development is toward the 
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Fig. 45 — Diagrams showing order of development of vascular tissue transversely in an 
organ. A, centrifugal. B, centripetal. C, both centrifugal and centripetal. These 
diagrams may also illustrate types of xylem from the standpoint of order of development: 
A, eiidareh; B, exarch; C, rnesarch (see p. ,95). 

center of the axis, centripelal xylem is formed, and the xylem group or 
strand is said to be exarch (Fig. 45, B)] when it is aivay from the center of 
the axis, centrifugal xylem is formed and the xylem unit is said to be 
endarch (Fig. 45, A). When development is such that both centripetal 
and centrifugal xylem are formed — even though the amount of one type 
be very small — the xylem is rnesarch (Fig. 45, C), Development must 
always be considered as relative to the center of the axis, not to the center 
of the vascular bundle in question. It should be borne in mind also 
that the terms ^^centripetal growth’^ and ^^centrifugal growth” refer 
only to sequence of appearance and of maturation of procambium cells 
in definite directions and do not imply growth in the sense of successive 
new-cell formation. Exarch, endarch, and rnesarch xylem characterize 
definite organs or parts of organs, and are restricted more or less in their 
distribution in the larger plant groups. For example, the root is always 
exarch; the stem of seed plants is endarch; the axis of the clubmosses is 
exarch; rnesarch xylem is common in the ferns and infrequent elsewhere. 
Thus the distinction of xylem in this way is of much morphological and 
phylogenetic importance* 
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Protophloem and Protoxylem. — The first cells of the phloem to mature 
are known as the protophloem, those of the xylem, the protoxylem. These 
cells differ markedly from later formed cells of the same tissues in cell 
type; in size, being narrow and slender; and, in the case of xylem cells, in 



Fk;. 40. — Protoxylem and inetaxylem in transverse {B) and longitudinal (^4) section in 
Lohilia. a, h, annuiur elements, c, d, e, spiral elements. /, scalariform element', rj, 
sealariform-roliculate element, h, pitted vessel. 3>, parenchyma cell. 

the character of the wall. Since they are formed very early in the 
ontogeny of the tissue in which they lie, they are subject to tissue stresses 
duo to increase in diameter, and particularly to inci’ease in length. To 
these stresses the surrounding meristematic cells aet^ommodate them- 
selves by cell division and by increase in size; but the cells of the proto- 
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phloem and the protoxylem are mature and no longer subject to growth 
changes. In the region in which protophloem and protoxylem lie, the 
greatest change occurring is increase in length. The stresses brought 
about by this elongation tend to stretch the already matured cells. To 
such longitudinal stretching protoxylem and protophloem cells are, to a 
limited extent, adaptable. The cells are long and slender with walls 
w^hich are thin and of cellulose, reinforced in protoxylem by bands of 
lignified secondary wall (Fig. 46). These bands, in the form of rings and 
spirals prevent to some extent the collapse of the thin, plastic walls and 
the consequent closure of the lumen. 

To those phloem and xylem cells which are thus capable of stretching, 
the terms protophloem and protoxylem^' are I’estricted, The parts 
of phloem and xylem which are not stretched by elongation of the region 
in which they lie are known as metaphloem and metaxylem respectively. 
Thus primaiy phloem consists of protophloem and metaphloem; primary 
xylein, of protox^dem and metaxylem. In secondary phloem and second- 
ly xylem no protoxylem and protophloem exist, for secondary tissues 
develop only after elongation ceases. A strand of xylem may consist 
wholly of protox 3 dem — the condition in most very small vascular bundles 
— or wholly of metaxylem, as in some slow-growing roots and rhizomes, 
but commonly both types of xylem are present, the proportions varying 
with the plant, “the organ, and the rapidity of growth of the region in 
question. 

It is obvious that in exarch xylem the metaxylem. lies internal to the 
protoxylem (Fig. 45, 5, the protoxylem heavil}^ shaded); in endarch 
xylem external to the protoxylem (Fig. 45, A); and in mesarch xylem 
both toward the inside and toward the outside of the protoxylem (Fig. 
45, C). 

Structure of Primary Phloem. — Structurally, protophloem is not 
complex. In many cases — and perhaps always — it consists of phloem 
parenchyma only, sieve tubes being absent. The*^lender parenchyrna 
cblls of protophloem' differ so slightly from the procambium cells from 
which they are derived, and from small sieve tubes, that their identity 
can be established only with much difficulty. Physiologically, they 
function but a very short time, since they are soon weakened by elonga- 
tion, and crushed and flattened by increase in diameter due to growth of 
cells in the inner part of the axis. The remnants of the cells are in many 
cases rapidly absorbed, so that soon after the cells mature all evidence of 
their existence may be lost. Morphologically also, the position and the 
character of the protophloem seem to be of little importance. 

The metaphloem, on the other hand, is a complex tissue with well- 
developed cells of all types—sieye tubes, companion cells, ])arenchyma 
cells, and sc'lerenchyma in the form of fibers (though fibers as a constituent 
of primary phloem are not abundant and in many cases ate wanting). 
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The various cells types are essentially the same as those of the secondary 
phloem of the same plant. 

Like the protophloem, the metaphloem may be early crushed by the 
development of secondary tissues beneath. In woody plants the soft 
cells of the primaiy phloem, are often completely destroyed within a 
short time after maturing, because of secondary growth beneath them. 
The remnants of the flattened cells may exist for some time or be quickly 
absorbed like those of the protophloem. 

Primary phloem is thus of little functional importance where second- 
phloem is developed in considerable amount. Where, however, 
little nor no secondary phloem is formed, the primary phloem persists 
throughout the life of the organ, and may be of the greatest importance 
physiologically. Structurally, such phloem is highly specialized, con- 
sisting usually only of sieve tubes of the highest type and their accom- 
panying companion cells. Such is the condition in the phloem of most 
monocotyledons, and of such dicotyledons as Cucurhita, Eanunculus, 
and Podophyllum. In these genera the phloem of the bundles is in part 
secondary, but the primary and secondary phloem do not differ histologi- 
cally to any extent. In other herbaceous plants, such diS Solarium, 
Aster, and Lobelia, where definite cylinders of secondary vascular tissue 
occur, but where the amount of secondary phloem is small,, the primary 
phloem persists as functioning tissue through the life of the stem. In 
such forms the sieve tubes and companion cells often occur in small 
groups and are remarkable for their small size. An entire group may be 
of no greater diameter than one of the adjacent parenchyma cells (Fig. 
115). The discussion of the histology of secondary phloem (Chap. VIII) 
may be applied to such primary phloem^/* 

Structure of Primary Xylem. — In contrast with protophloem, pz’oto- 
xylem may contain several kinds of cells. These are tracheids, vessels 
of one or more types, and parenchyma cells. Fibers are absent. The 
parenchyma cells make up a large proportion of the first-formed tissue. 
The term ^^protox^dem^' is, unfortunately, often used in the physiological 
sense, referring only to the more or less scattered tracheids and vessels. 
The term is applied in its best usage, however, to the continuous tissue, 
distinct as a morphological unit. 

Conducting Elemmis of the Protoxylem,, — The water-conducting cells 
of the protox 3 dem are the characteristic cells of this tissue because of the 
peculiar adaptation of their walls to the stretching which they normally 
undergo. The thin, plastic, primary'' walls of these empty cells are 
strengthened by the addition of a lignified secondary" wall in the form of 
narrow rings and spiral bands. These bands apparently help to keep the 
conducting channels open during the elongation of the cells. The first- 
formed protoxyiern ceils have small amounts of secondary wall in the 
form of rings spaced at intervals along the cell (Fig. 46, a, b). Such cells 
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are cdJleA annular cells, or annular elem.ents, (The term ^^element is 
often used in speaking of cells of the protox 3 dem when the cells in 
question may be either tracheids or vessels.) Cells formed a little later 
than annular cells possess secondary w^alls in the form of spiral bands; 
such cells are called spiral cells j or spiral elements (Fig. 46; C; c). The 
flatness of the coils and, to some extent, the number of the bands increase 
in the cells formed successively later and later. The proportionate 
amount of secondary wall thus increases in the successively formed cells. 
The first-formed cells are subjected to excessive amount of elongation, 
those formed later and later to less and less. Structurally, the cells 
formed at any given period are adapted to the amounts of elongation 
occurring after their formation. Annular cells may be stretched to a 
greater extent than spiral cells; cells with steep spiral coils more readily 
than those with flat coils; those with one spiral more freely than those 
with several. Where the structure of the secondary wall suggests a 
spiral lying in flat coils, the coils fused at the corners of the cell, or where 
a more definitely ladder-like appearance is produced b}" transverse bar- 
like thickenings running from corner to corner, the cell is known as 
scakiriform' (Fig. 40, /). (The scalariform cell of protox^dem is best 
called a scalariform protoxylem cell, since the term “scalariform celF^ 
is a general term and may refer to a scalariform-pitted tracheid or to a 
scalariform (pored) vessel. A scalariform protoxylem cell ma}^, of course, 
be also a scalariform vessel.) 

Metaxylem Elements, — The scalariform protoxylem cell is, obviously, 
capable of little if any stretching. Where the bands of secondarj^ wall are 
more extensively and less uniformly tied together, forming a network of 
secondary thickening, a reticulate cell is formed (Fig. 46, g). Where the 
secondary wall is still more extensive and the thin spots in the wall are 
definite and uniform in size and shape,, the cell is pitted (Fig. 46, h). 
Reticulate and pitted cells cannot be stretched. Primary xylem consist- 
ing of these cells is, therefore, metaxylem. Scalariform cells fall on the 
line between protoxylem and metaxylem, some of them being capable of 
slight stretching, but most of them rigid. It should be borne in mind 
that no sharp line separates any one type of cell from the next type, or 
protoxylem from metaxylem. 

Protoxylem Vessels, — The water-conducting cells of protox^dem may 
be either tracheids, or vessels. They are undoubtedly tracheids in 
pteridophytes and gymnosperms and in the less highly specialized angio- 
sperms. In other flowering plants both kinds of cells occur together, 
and in herbaceous forms and some woody forms the water-conducting 
cells of the protoxylem are largely vessels. Protoxylem cells are made 
abnormally long by stretching, and the end walls arc not readily seen 
in section. It is in part due to the vessel-like appearance thus given to 
any water-conducting cell of the protoxylem that the term “protoxylem 
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vessel ’Mias been applied to all such cells regardless of theur tracheidal or 
tracheal nature; but this incorrect usage is probably due more to a reten- 
tion of the idea of the seventeenth and eighteenth centuries that the 
animal-trachea-like appearance of spiral cells indicates a conducting 
tube of indefinite length. The use of the term ^^vessely” or ^Trachea/’ in 
this sense is responsible for the incorrect opinion that ^Messels occur in 
the gymnosperms only in the protoxylem.” It often cannot be readily 
determined whether a given cell of the protoxylem is a vessel or a tra- 
cheid; such a cell may then be called, for example, tMn annular cell,” or 
“an annular element;” it should not be called a vesseb unless there is 
proof of the perforation of its end walls. 

Proportion and Arrangement of Types of Protoxylem Elements. — In 
the protoxylem of a given vascular bundle, annular, spiral, and scalari- 
form cells may all exist, and each in any proportion; or one or two of the 
types may be lacking. Spiral cells, however, especially those with closely 
coiled bands, constitute a large proportion of most protoxylem strands. 
Where growth of the axis is rapid, a high percentage of annular elements 
is found; where slow, very few or no such cells occur. As a strand of 
protoxylem forms, not only is the wall of the successively formed cells 
of different character, but the cells themselves become each somewhat 
larger than the preceding ones. The order of development may thus 
usually be determined, when several or all cells are mature, on the 
basis of size alone. Often, however, there are variations and excep- 
tions to the sequence in size, but the structure of the wall is con- 
stant in its relation to order of development. Protoxylem cells are 
arranged irregularly, in contrast with the cells of secondary xylem. In 
many herbaceous angiosperms, however, and also in certain woody 
forms where the water-conducting cells of the primary xylem are chiefly 
vessels, these cells lie in radial rows, thus simulating secondary tissues. 
It is characteristic of nearly all primary tissues that their cells have little 
or no regularity of arrangement. 

Elongation of Protophloem and Protoxylem. — Though protophloem 
and protoxylem are structurally adapted to stretching, and the earliest- 
formed cells especially so, the elongation to which they are subjected is 
in many cases so great that their plastic capacity is surpassed and they 
are ruptured. The protophloem cells are in many cases rapidly absorbed 
after destruction, but the torn remains of the protoxylem tracheids and 
vessels persist permanently. Annular cells, being the first cells formed, 
are most frequently destroyed. Probably nearly all annular cells which 
are not destroyed are so distorted soon after their formation as to become 
non-functional. The stretching of these cells at first separates the 
supporting rings, and the thin, distended wall between them soon sags 
or collapses. The further pulling of the wails tilts the rings and turns 
them up on edge (Fig. 47, B). Still further elongation fragments the 
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Fig, 47. — Protoxylem in l(3ngitudinal section. A, from fruit of Arisaema; the elements 
are all annular and there has been little stretching and no rupture. B, from stem of Equi- 
net'um; there has been extensive stretching of annular and spiral cells, with rupture of the 
former and the formation of a protoxylem lacuna. 





Fig. 48. — Protoxylem in transverse and longitudinal section, .showing behavior of 
surrounding tissue. A, B, ixom Lohelia, showing a stretched annular element, the primary 
wall coilap.sed between the rings, the adjacent parenchyma cells x)ressing into the space.s; 
in cross section the space originally occupied by the cell nearly filled in. C, D, from Zea, 
the surrounding parenchyma pulled away from the protoxylem elements, leaving a large 
lacuna. 
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cells, and isolated rings of secondary wall, often with pieces of the primary 
wall attached, are to be found where the cells have been destroyed. 
In spiral cells the spiral is pulled out so that it becomes steeply wound or 
is even straightened out (Fig. 47, B). In such cases also the primary wall 
collapses. 

Protoxylefn Lacunae . — Where a number of protoxylem cells lying 
together have been thus destroyed, a canal-like cavity, known as a proto- 
xylem lacuna, may be formed (Fig. 47, 5). In some instances such an 
intercellular space is much enlarged by the pulling away of the surrounding 
parenchyma cells. Exaggerated protoxylem lacunae forrned in this 
way are found in many herbaceous plants, and especially in the mono- 
cotyledons (Fig. 48, C, D) and the horsetails (Equisetum). On the other 
hand, the growth of tissues surrounding the developing bundle at the 
time of the rupture of the protox^dem cells may be such that no lacuna is 
formed, but the surrounding parenchyma cells press in upon the flattening 
xylem cells and fill up the space occupied by them (Figs. 47, B, left annu- 
lar element; 48, A, B). In annular or loosely spiral cells, parenchyma 
cells thus may be found pushing into the hollows formed by the sagging 
wall, or, tylosis-like, into the lumen when the wall is ruptured. Rings 
from annular cells sometimes become pressed, upright, between paren- 
chyma cells (Fig. 47, B). In such cases the position of the first-formed 
protoxylem cells may be difficult to ascertain in transverse sections. 

Primary Xylem Types. — The type of primary xylem— exarch, endarch, 
or mesarch (Fig. 45) — is determined by the position of the protoxylem in 
relation to the metaxylem; or, in case the primary xylem consists only of 
protoxylem, by the determination of the position of the first-formed cells. 
This may be detected by the location of the protoxylem lacuna, if such 
is present; or, where the tissue has closed in upon the torn or flattened 
cells, by the disturbance in normal cell arrangement and by the fragments 
of the destroyed cells. For the determination of xylem type, the study 
of longitudinal sections is sometimes necessary, since in cross sections 
annular cells may be with difficulty separated from spiral cells, and the 
first-formed annular cells iimy be obliterated at certain levels. 

It cannot be too emphatically stated that the different types of pro- 
toxylem tracheids and vessels are formed at successively later and later 
stages in the ontogeny of the tissue. No cell, once mature, changes its 
character; an annular cell does not become a spiral cell, nor a spiral cell 
a scalariform cell. The increasing amounts of secondary wall present 
are found in cells successively formed. 

The Term *Wasctilar Bundled— The term tmsciilar hiindle is applied 
to a strand-like portion of the conducting system of a plant. Such a 
bundle consists fundamentally of primary tissues ; with these, secondary 
tissues may be present. Small bundles — bundle ends, and the slender 
bundles of leaves, fruits, etc. — are wholly primary. Larger bundles, 
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such as those of monocotyledonoiis stems, may also be wholly of primary 
development: and those of many herbaceous dicotyledons are largely 
primary in nature. In these bundles the xylem and phloem are highly 
specialized, the conducting cells being of high type and reduced in 
number, and supporting cells few or lacking. In such cases protection 
and support are often given to the soft or weak conducting tissues, and 
support is given to the organ in which the strands lie, by sheaths of fibers 
which more or less completely surround the strand of conducting cells. 
Because of the frequent presence of these fibrous sheaths with the con- 
ducting cells, the fibers were at one time supposed to constitute a part 
of the bundle, both morphologically and physiologically, and the bundle 
was, therefore, called a fibrovascular bundle. It has long been clear, 
however, that the function of the bundle is primarily conduction, and 
that the “mechanical tissue’^ of an axis is not necessarily related in posi- 
tion to the bundle; also that the fibrous tissue adjacent to the conducting 
strand is morphologically not a part of the vascular tissue. Hence, the 
much better term vascular bundle has been in recent years substituted for 
fibrovascular bundle. The new term has not, however, wholty replaced 
the older and less accurate term. The vascular bundle is further dis- 
cussed in Chap. XI). 

Types of Vascular Bundles. — It is characteristic of vascular tissue that 
phloem or xylem is rarely found alone; a bundle usually consists of both 
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Fig, 49. — Diagrams showing types of arrangement of xylem and phloem with relation 
to each other. (The xylem is shaded, the phloem unshaded.) A, collateral bundle. 
B, bicollateral bundle. C, amphicribral bundle. D, amphi vasal bundle. E, radial 
arrangement. 

of these types of conducting tissue. When together, xylem and phloem 
show several types of arrangement with each other in the bundle. These 
fall into three general classes: first, those in which the xylem and the 
phloem lie radially side by side; second, those in which one type of tissue 
surrounds, or ensheaths, the otlier; third, those in which the two types of 
tissue are separated from one another. In the first group are collateral 
bundles (Figs. 49, A; 116, A, D; 117), the phloem lying beside the xylem 
and external to it; and bicollateral bundles which are merely collateral 
bundles with phloem on the inside of the xylem also (Figs. 49, B] 115). 
Bundles of the second group are known as concentric bundles^ the type in 
which the phloem surrounds' the xylem being amphicribral (Figs. 49, C; 116, 
J5), and that where the xylenx surrounds the phloem, ampMvasal (Figs. 

, 49, D; 116, C). The term “concentric bundle^^ is often loosely used to 
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indicate ail amphicribral bundle. This is due to the fact that the amphi- ! 

vasal type of concentric bundle is uncommon/ and “ concentric is ? 

believed to be sufficiently specific. Concentric should be used only as a 
general descriptive term covering both amphicribral and amphivasal ; 

conditions. The arrangement of the tissues in the third group is such 
that no definite bundles are formed. Strands of xylem and of phloem 
lie on different radii of an axis^, separated by non-conducting tissue j 

(Figs. 49j jF/ 105). These strands are commonl}/ said to constitute 
■ radial, biindles. Since, however, no definite bundles exist— -unless each 
strand be considered a bundle— and the xylem strands are often not 
independent but are united in a central core, it is better to call such a 
condition in the primary xylem and pMoem 7'adial arrangeme^it. The 
teriii ^‘radial bundle ” goes back to the period before the proposal of the ' 

stelar theory; the stele of a root then constituted one bundle, radial in ; 

structure. Unfortunately, the term is still occasionally applied to the 
primary vascular structure of roots. The terms “exarch,” ^'endarch, ” . 

and “mesarch” are sometimes also applied, descriptively, to bundles; | 

in such cases they merely indicate that the xylem of the bundle is of the 
stated type. , 

Occurrence of Bundle Types.— The collateral bundle is the common 
^ type of bundle and is characteristic of the stems and leaves of angiosperms 
and of most gymnosperms. The bicollateral bundle is uncommon, 
r occurring in those angiosperms which possess internal phloem in their 

steles, as, for example, the Cucurbitaceae. Amphicribral bundles are j 

common in the ferns; and small bundles, such as the bundles in floral | 

parts, ovule traces, and small leaf-trace bundles are commonly of this , | 
type. Amphivasal bundles are rather rare. They occur chiefly in the j 

monocotyledons, and there, largely in nodal regions and in rhizomes. I 

. Tlie radial arrangement of primaiy vascular tissue is^ characteristic of I 

roots, where it is always present, and does not occur elsewhere, I 

Vascular bundles are to be thought of as parts of a unit vascular i 

system, not as fundamental structural units; in the axis they are more or | 

^ less isolated segments of a stelar column or cylinder. 

■ 'I 

^ THE PITH 

The pith is a roughly cylindrical body of tissue in the center of the 
axis, enclosed by the vascular tissues. Its outer surface is furrowed more I 

or less deeply by the inwardly projecting strands of protoxylem, and 
ridged in some cases by ray-like extensions between bundles, and by 
projections wdiere its tissues extend out through leaf and branch gaps. 

The number, prominence, and arrangement of these furrows and ridges 
depends upon the skeletal plan of the plant in question, and upon other ; . 

I features. The pith was for a long time known as the medullaj but this ^ 

I ■ 
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Latin name has become obsolete. As a descrii)tive word/ the name still 
persists, as in ^^medullary ray'^ and ^'medullary spot.” 

Structure of the Pith.— Histologically, the pith is made up of rather 
uniform tissue, chiefly parenchymatous, in which the cells are arranged 
rather loosely, often with pronounced intercellular spaces, and in some 
forms tending to be in longitudinal rows (Figs. 30, A, C, D, E, F; 112). 
In shape, the cells of the pith vary greatly, but they are mostly rounded, 
isodiametric, or cylindrical, with thin, cellulose walls. Not uncommonly, 
thick-walled, lignified parenchyma cells and stone cells are also present, 
often arranged in groups forming plates or diaphragms of firm tissue. 
Fibers occur only rarely and then in the peripheral portions where they 
probably are associated morphologically with primary vascular tissue, 
especially with internal phloem. When the pith is developing, all the 
cells are active and in leafy shoots may even contain chlorophyll; but when 
the region is mature, the cells become less active and all may have lost 
their protoplasts, or living and dead cells may be present in any propor- 
tion. The proportions vary in different parts of a plant, such as the node 
and the internode, and in different species. Usually, the smaller cells 
and those nearer the vascular tissue remain alive. In some cases these 
small living cells form a fairly definite pattern with the non-living cells. 
In woody plants the living cells of the pith serve as storage cells in resting 
periods, becoming filled with starch and fatty substances. 

In kinds of cells, intercellular spaces, secretory tissues, etc., the pithv 
is usually closely similar to the cortex of the same plant. Protective, 
supportive, and photosynthetic cells are, however, scarce or lacking in 
the pith. 

In the ontogeny of the stem, the pith cells in many cases mature very 
early, and no further growth occurs. The surrounding tissues are meri- 
stematic and continue to elongate. Thus, the pith may be torn apart 
longitudinally to a greater or less extent. If marked radial increase 
is taking place at the same time, a prominent ^^hollow pith”’ is formed, 
with the broken cell walls lining the cavity (Fig. 113, C), This con- 
dition is common among herbs but rare in woody plants. Where the 
destruction is less extensive, cavities or canals of various extent and 
shape are formed. The presence of transverse layers of more resistant 
cells often brings about the development of a ^^diaphragmed pith.” The 
diaphragmed condition may in other cases result from a slight increase in 
length of the axis after the pith has become mature. Nodal diaphragms 
are due to the presence of thicker-walled cells at the node, or to the very 
slight elongation of the nodal regions as contrasted with the extensive 
growth of the internode (the expansion of a bud being due in large 
degree to the development of internodes). 

The Medullary Sheath. — The peripheral layers of the pith consist 
of smaller cells, usually thicker-walled, more closely packed, and more 
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ricMy protoplasmic. Though this region merges into the central part, 
it is often distinguished as the 'medullary sheath^ or perimediiUary zone. 
If an inner endodermis is present, the medullary sheath is separated 
from the pith proper by this layer. It is in such cases clear that the 
medullary sheath constitutes, in part, an inner pericycle. Its outermost 
parts represent the parenchyma of the primary xylem, since the groups 
of protoxylem tracheids and vessels project into the sheath; and when 
internal phloem is present, the sieve-tube clusters lie near the middle of 
the sheath. This layer is not, therefore, morphologically, a part of the 
pith. ' ' , " 

The medullary sheath is differentiated in various ways: its cells may 
remain typically parenchymatous, as in many Chenopodiaceae, Boragi- 
naceae, and Euphorbiaceae ; or become strongly lignified, as in members 
of the Umbelliferae and Compositae; or both parenchymatous and 
sclerenchymatous cells may be present. Fibers, however, occur but 
rarely, and then chiefly in connection with internal phloem. 

The Pith of Roots.— -Roots characteristically lack a pith, but where 
such a core is present, it is similar in cell structure to that of the stem of 
the plant. The pith of roots tends to be more homogeneous, however, 
and does not break down. It is more nearly cylindrical, since the primary 
xylem points do not project into it, and since there are no gaps in the 
vascular cylinder. 

Duration of the Pith. — The pith persists indefinitely in nearly all 
plants. In woody stems the changes taking place in heartwood forma- 
tion of the first annual rings affect the pith cells in a similar w’-ay. But 
until this stage is reached some of the pith cells remain alive in most 
wmody plants. In other forms, however, the pith veiy early becomes 
wholly non-living.. The pith is not crushed by the crowding in upon it 
of the vascular bundles as secondary growth takes place. Only in a 
few woody vines of anomalous stem structure, such as Aristolochia, is 
there found this peculiar condition of crushing during secondary growth. 
Further, no growth or structural change of cell wall occurs after primary 
growth of the axis is complete. Therefore, the pith is present in old 
stems — tree trunks, etc. — in size, shape, and structure exactly as it was 
in the young twig when secondary growth began. Only in lack of proto- 
plasts and in chemical nature is it different. 

THE PERICYCLE 

The pericycle is a thin cylinder of tissue sheathing the vascular tis- 
sues. It is limited internally by the primary phloem and externally by 
the endodermis. Where the latter is lacking, the pericycle merges into 
the cortex. In width, the pericycle ranges from one to several rows of 
ceils. In some roots its continuity may be interrupted where the 
protoxylem abuts on the endodermis; it is lacking only in certain very 
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SI nail and structurally reduced aquatic rootSj and perhaps also in similar 
stems. Where it seems to be lacking, as in most woody stems, its appar- 
ent absence is due to the absence of the endodermis, in which case the 
pericycle is confluent with and histologically similar to the cortex. 
When one or two rows of cells thick, it consists normally of parenchyma, 
but when thicker, it is usually sclerenchymatous, at least in part. 
Pericycle fibers are prominent features of many stems, both woody and 
herbaceous. In the early stages of development of woody stems and in 
herbs these fibers may contribute largely to the support of the stem. 
Pericyclic fibers are arranged in various ways: as continuous, uniform, 
or irregular bands (Fig. 52); as scattered, isolated strands; as clusters 
capping the primary phloem strands; as groups alternating with the 
protophloem groups. Such fibers are normally lignified, as are those of 
Cannabis (hemp), but may be of cellulose, as in Lmimi (flax). Economi- 
cally important fibers, such as these, are frequently called bast fibers, but 
this term is best avoided in technical use (Chap. IV). Pericyclic fibers 
are often similar to fibers of the cortex and to those of the secondary 
phloem. All or any of these constitute commercial “bast.^^ 

In roots, the pericycle is narrower than in stems and is normally 
parenchymatous and more homogeneous (Fig. 104). This is the region 
of origin of the meristems which form lateral roots and often of the first 
phellogen layers, as well as of secondary cambium in anomalous steles. 
It is doubtless for this reason that the pericycle of roots was formerly 
known as the pericambiuin. Adventitious roots and stems also arise 
commonly in the pericycle. In old roots the cells of the pericycle may 
become sclerified or even suberized. 

The parenchyma cells of the pericycle share with similar cells in other 
regions the function of storage. Secretory cells and canals, laticiferous 
cells, and other specialized cell types may occur in the pericycle. 

THE ENDODERMIS 

Limiting the stele on the outsiders a cylindrical sheet of cells, one 
layer thick, without intercellular spaces, and with structural features 
unlike those of other gells. This layer is called the endodermis. 

Structure of the Endodermis. — The cells constituting the endodermis 
are vertically elongate with end walls mostly transverse. In cross section 
they are of various shapes, but are usually more or less oval or elliptical 
with the longer axis in a tangential direction. The cells are living and 
possess fairly abundant protoplasm and large nuclei. Starch is frequently 
present; tannin and mucilage often occur; and sometimes, as in Apios, 
crystals are abundant. ■ The features peculiar to the endodermis lie 
in the structure of the wall. This may be thick or thin, the latter condi- 
tion being the more commou; but its radial and end walls, or some part 
of them, are usually tlaickehed and cutinized or suberized. In the thin- 
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walled cells the ciitinizcd areas are in the form of strips which run com- 
pletely around the cell on the inner surface of the radial and end walls 
(Fig. 50). These strips may be as wide as the entire radial wall or be 


Fig. 50. — The ondodermis. .^1, cro>ss section in leaf of Pinus; the Gasx>ariari. strips arc 
seen in eross seetion, and in face view on the end walls. B, cross section in riiizomc of 
Poltlpodiinn, C, D, cross and lorijuitudinal sections in stem of Lobelia, showing the radial 
dots, and the Casparian strips in face view on the radial %valls. E, cross section of outer 
and inner endoderrais in stem of Equiseium.; the protoplasts are jilasmolized, but retain 
connection with tlie Casparian strips. 

cxtremc‘ly narrow and thread-like. They may be merely areas in the wall, 
or may form marked thickened bands or ridges. Such areas oi; bands of 
additional wall thickening are known as Casparian strips (after Caspary 
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who first carefully studied them). In cross section the strips appear as 
dots (Fig. 50, Ay By (7), and are often called Casparian dots, ot radial dots. 
Where the strips are wide, abundant pits occur through them. The end 
walls are unpitted, or are lightly pitted, and the tangential walls are 
probably iinpitted. Where the walls are thick, the entire wall, or only 
the radial and the inner tangential wall, is thickened (Fig. 51). The 
thickening is so great in many cases that the lumen becomes very small. 



root of Smilax roiundifolia, C, cross section from root of M um sapientum. 


These thickened walls are suberi^ed and cutinized and often to a con- 
siderable extent lignified. The thickened radial and inner tangential 
walls usually have numerous, small, simple pits. This type of endodermis 
(as well as other unusual types) has been called a phloeoterma, a term 
which has also been used ais synonfymous with endodermis. The word 
is now less commonly used. I In a few plants the thick-walled endodermis 
has occasional, isolated, thin-walled cells which have no cutinized por- 
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tions. Such cells are known as passage cells, or transf usion cells. They 
are situated opposite the protoxylem cells. 

Occurrence and Position of the Endodermis. — In its position in the 
plant body the endodermis is definitely a layer surrounding vascular 
tissue. Rarely, however, does it touch vascular elements, since the 
pericycle lies between. In roots the first protoxylem cells sometimes are 
in contact with the endodermis, but in stems the interruption of the 
pericycle is very rare. An endodermis may limit vascular tissue on the 
inside as well as on the outside, shutting it off from the pith. An endo- 
dermis thus internal to the vascular tissue is called an mner endodermis 
(Fig. 50, E). Such a layer is not structurally distinct from the outer 
endodermis, since the two may be continuous through leaf and branch 
gaps. The endodermis not only limits the vascular tissue of the axis, 
but may also surround the vascular bundles in leaves. It is not, however, 
a constant structural feature of vascular plants. It occurs throughout 
the roots of nearly all plants (Fig. 104), and largely throughout the plant 
body in the pteridophytes (Fig. 116, B), In gymnosperms it is charac- 
teristic of the leaves (Fig. 138, A), but is mostly absent in stems. In 
angiosperms it occurs in the stems of a considerable percentage of 
herbaceous forms, probably in the majority of cases. It also occurs in 
aquatic plants and species of moist habitats (Fig. 139, A, B); in creeping 
plants and in many seedlings; in rhizomes and some leaf bases; and in 
the bases of certain stems though it may be lacking in the upper parts. 
It is absent in woody stems and in the leaves of angiosperms generally. 
In herbaceous plants the endodermis occurs more commonly in the more 
highly specialized families, especially in the gamopetalous and apetalous 
dicotyledons and the monocotyledons. 

Function of the Endodermis as Related to Structure. — The function 
of the endodermis has been a matter of much discussion since it was first 
studied, and is still largely in question. Many functions have been 
ascilRed to it. These are based largely on its obvious relation to water 
and to vascular tissue. (.The endodermis appears to be a sort of water- 
tight layer between xylem and suri’ounding tissues, especially where the 
organs in question are in a moist or wet situation. It occurs, however, 
also in many plants of dry soil, and in the leaves of xerophytic gymno- 
sperms. Its absence in woody twigs may possibly be due to loss in evo- 
lution, since continued secondary growth destroys this layer. The 
endodermis further appears as a sort of water dam in that it always lacks 
intercellular spaces and the Avails are more or less cutinized or suberized, 
so that in the thin-walled type, water may pass through the endodermis 
only through the tangential walls and through the protoplast, that is, 
through a semipermeable membrane. t^For this reason it has been looked 
upon as a diffusion layer separating regions of different osmotic pres- 
sure, and as a diffusion layer preventing Joss of mineral nutrients, or 
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of fooOj from va-scuhir tissue. 1 1t is believed by some students to be 
conuccded with root pressure, possibly controlling and maintaining 
this pressure. — • 

In the thin- walled cndodermal cells the behavior of the protoplast 
on plasmolysis, when the protoplast shrinks from the tangential walls but 
not from the radial walls (Fig. 50, E), suggests that water does not enter 
the cell from the radial w^alls. Such is not proof, of course, that water 
may not pass through the radial walls. In fact, much doubt has been 
cast, through recent studies of the chemical nature of the wall, upon the 
water-tight^^ nature of the endodermis. The Casparian strips are of 
the nature of secondary wall layers laid upon a primary wall. The 
latter is often cellulose or ^Tignocellulose,^’ and hence a thin strip of 
permeable wall may lie between the cutinized strips. Such a passageway 
is so slight, however, that the suberization may be said to cut dowm per- 
meability to a large extent, and render the wall essentially impervious. 
Further, the strips ai'e themselves in many cases definitely lignified and 
without evidence of cutin or suberin. Prominent Casparian strips appear 
in many cases to consist of a lignocellulose core with a coating of suberin. 
StiJl further, there are occasionally found definite endodermal layers 
without evidence of Casparian strips. Such layers may be vestigial in 
nature. Thus, it appears evident that the endodermis may be, at least 
to a slight extent, directly permeable by water. 

Among the many and diverse functions which have been assigned to 
the endodermis at various times are the following. The endodermis was 
first believed to be a mechanical protective layer, a sort of inner, acces- 
sory epidermis. And, as such, the phloeoterma type in monocotyledon- 
ous roots may serve to some extent when the cortex has sloughed away, 
but the majority of endodermal layers are of delicate nature. 

The general impermeability of the endodermis has suggested that 
this layer is an air dam, preventing the water-conducting cells from 
becoming clogged with air. 

The persistence of starch in endodermal cells has suggested theories — 
now long abandoned — that the endodermis is a ^^starch sheath,” a 
carbohydrate-conducting or storage layer, or a.layer limiting storage to 
the inside or to the outside. The presence, type, and behavior of starch 
grains in the endodermis of certain plants have also led to the theory 
that this layer is an orienting organ,” the starch grains being statoliths 
which, by alteration of position in the cytoplasm, cause sensory stimuli 
leading to change in orientation of the organ. Such a function can be 
characteristic of the endodermis only of certain plants, and of parts of 
organs, since starch grains are hot always found in endodermal cells, and 
in many types of such cells, owing to the presence of gum, crystals, etc,, 
cannot (TalF^ from one position to another as the orientation of the organ 
is changed. 
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The function of the endodermis is thus in question. That it fre- 
quently has to do with the relations of water and xylem seems to be 
without doubt. It is probable that its specific functions in different 
plants vary greatly^ since types of endodermis characterize families to 
some extent. Secondary functions doubtless also exists and the primary 
function may . have been lost in some instances. 

Many of the facts regarding its occurrence in plant groups and regard- 
ing its variation suggest the possibility that the endodermis is an ancient 
structure of much physiological and perhaps morphological value; wdiich 
has become modified in the course of phylogenetic development. In 
part; it may still retain its original relations and functions; in part; it 
may be more or less vestigial in nature; and in other cases it rna}" have 
become specialized or modified in adaptation to new functions; as is 
frequently the case with vestigial structures. It has disappeared in 
woody twigs where continued secondary growth occurs. 

Morphologically, the endodermis is commonly considered the inner- 
most layer of the cortex. In this treatise it is looked upon as the outer- 
most layer of the stele. It is, however, of little importance to assign the 
layer definitely either to the cortex or to the stele; it is a separating la 3 mr. 
It is here considered as belonging to the stele, since it must logically be 
so if the inner endodermis is a part of the stele. (The question of whether 
the pith is of stelar or cortical nature is outside the field of the present 
discussion.) 4. 

' THE CORra^ 

That portion of an axis which surrounds the central cylinder and is 
separated from the c^dinder by the endodermis is the cortex. It is limited 
on the outside by the external uniseriate la^mr of the axis, the epidermis. 
In good usage the term ''cortex’^ applies only to the definite region thus 
morphologically distinct, and only to the primary cells and tissues 
developed therein. Distinction is sometimes made between ‘'primary 
cortex^’ and "secondary cortex — ^the latter term being applied to second- 
ary tissues developed within the primary cortex from cortical cells, 
chiofij" to periderm. Such a use is, however, misleading, since all similar 
la^'^ers, such as those formed in the secondary phloem, are also loosely 
termed “'secondaiy cortex. This usage is, of course, due to confusion 
resulting from the use of the term "cortex” in the loose sense of an outer 
part or covering, and in- the physiological sense of any protective outer 
la 3 ^er. The term "cortex” is best restricted to the definite primary 
region. 

In thickness, the cortex varies from a few to a great many rows of 
cells (Fig. 52). Cit is essentially parenchymatous in nature, but may con- 
tain many kinds of cells arranged in many ways, ('ollenchyma occurs 
only in the cortex, u^here it often constitutes a larp^pi^po^ 
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tissues. Ridges, and in angular stems the corners, may consist entirely 
of this temporary supporting tissue. Fi be rs and stone cells occur freely 
as well as do secretory and storage cells of various types. Fibers more 
commonly occur in sheets or in large strands; they are often associated 
with the epidermis, forming below it an accessory outer protective 
layer, a hypodermis, or with the pericyclic fibers with which they may 
merge. The term ^4iypodermis^’ is applied to a layer of supporting or 
protecting cells of any type which lie immediately under the epidermis 


epiderm/s 

■pender/n 

— coHenchpma 

' coriex 


j ^-per!cycle 

primary phloem 

L-secondory phloem 
cambium 
■secondary xyietn 


Fig. 52, — The cortex in a woody stem, Magnolia acuminata. The cortex consists of 
colleiichyma and parenchyma. The cells of the latter are in tangential rows, due in part 
to continued i*adial division as an accommodation to diameter increase in the stem. Secre- 
tory cells are present. The thick band of fibers is pericyclic. Beneath this lie primary 
phloem groups, more or less crushed, and beneath these secondary phloem with fibers and 
sieve tubes. The cambium and secondary xylem are also shown. Below the epidermis a 
periderm layer is beginning to develop. 

and reinforce this layer in some way. The cortical parenchyma cells 
normally contain chloroplasts, and definite specialized photosynthetic 
tissue may be formed (Fig. 137). The cells are arranged loosely or 
closely, and commonly no definite plan of arrangement occurs. Tangen- 
tial rows may be conspicuous, and in specially modified roots and stems, 
such as those of aquatic plants, symmetrical radiating sheets of cells may 
occur. The cortex of roots is more homogeneous than that of stems and 
in the majority of cases consists of parenchyma only (Figs. 104, 110). 

The various cell types in the cortex serve various functions, but it 
is evident that the cortex is primarily a protective la^^er. Such functions 
as support, photosynthesis, storage, etc. are secondary. 
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THE EPIDERMIS 

The epidermis constitutes a layer over the entire outer surface of the 
plant body; continuous except for stomatal and lenticellular openings. 
In meristematic regions it is, of course, undifferentiated, and in older stems 
and roots it is destroyed by secondary growth. It is rarely of more than 
one layer of cells thick. The cells are living, with a large central vacuole 
and thin peripheral c 3 ^toplasm. Minute leucoplasts are often present, 
but chloroplasts are absent except in the guard cells of stomata and in 
plants of moist, shaded, or aquatic habitats. Mucilage, tannin, and 
ciystals occur occasionally in the cells. The cells vary much in size and 
outline, but are essentially tabular. They are closely fitted together 
and are often lobed, toothed, or flanged in various ways, the projections 
dovetailing into those of other cells and strongly interlocking the cells 
(Figs. 54, 130). The cells of leaves, and especially those of petals, are 
more complex in this respect than are those of other organs. Epidermal 
cells often have unevenly thickened walls, the outer and the radial walls 
being much thicker than the inner wall (Figs. 135, B\ 136, Z)). This 
additional thickness and the cutinization of the walls is of much impor- 
tance from the standpoint of mechanical protection and of prevention of 
loss of water. The cuticle (Chap. II) adds greatly to the efficiency of the 
epidermis in the latter respect. 

Ontogeny and Duration of the Epidermis.^ — In ontogeny, the epider- 
mis, or dermatogen, is early set off from the subjacent meristematic cells. 
Later increase in the cells of the epidermis is brought about wholly b\’' 
anticlinal division; the uniseriate condition is thus early established, and 
is maintained during the life of the epidermis. Where the epidermis 
persists for some time, and the stem slowly increases in diameter, as in 
herbs and some woody plants, continued slow division ma^^ go on in the 
epidermis, which thus is accommodated to the increased surface. Changes 
in epidermal cells, other than those involved in the development of phello- 
gen la\’'ers, are rare. In roots, the epidermal cells, and also those of the 
outer cortex, generally become lifeless, and lignified or suberized after 
the root hairs cease to function. In perennial stems epidermal cells live 
until the development of a periderm layer cuts off their water and food 
supply. In leaves, flowers, and most fruits they normal^ live as long as 
does the organ of which they are a part. 

Function of the Epidermis. — In function, the epidermis is chiefly a 
covering layer which provides against harm from loss of water and 
against mechanical injury. It also may serve minor functions, such as 
photos^mthesis and secretion. Parts of the epidermis may be structur- 
ally modified to serve some important physiological function, as, for 
example, the secretory tissue of nectaries, the stomata of leaves and stems, 
and the al.)sor])ing hairs of roots. 
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Root Hairs.— In roots, many or all of the epidermal cells become root 
^ hairs. In the ontogeny of such cells the outer wall expands, forming a 

long, tubedike process, in shape and structure a typical hair (Fig. 53). 

^ The walls of epidermal cells in general, and especially those of the pro- 

I jecting hairs, are thin and delicate. They are commonly of cellulose and 

v| permit ready diff usion of water and dissolved substances. It is by absorp- 

['|i tion through root hairs that the chief supply of water and mineral niitri- 

: ents is obtained. These structures are ephemeral, persisting usually 

Ji' but a few days or weeks, after which they collapse and the remains of the 

cells and of adjacent cells become suberized or lignified. Root hairs with 
thick lignified walls are reported in certain Coiiipositae where they are 
said to persist into the second growing season. 



grown in dry soil. (Particles of soil adhere in 0 and D.) {After' Schwarz.) 

The Stoma. — The openings in the epidermis through which gaseous 
interchange takes place between the intercellular spaces of the subepi- 
dermal cells and the atmosphere are known as stomata (singular, stoma). 
These openings are spaces between two specialized epidermal cells which 
are known as guard cells , since changes in size and shape of these cells 
determine the opening and closing of the stoma (Fig. 54). Ordinarily, 
these two cells alone of the epidermal cells adjacent to the stoma differ 
from epidermal cells. Where other cells also are modified because of the 
presence of the stoma, and contribute in some way to the functional 
activity of the guard cells, such cells are known as accessory cells. This 
type of cell is restricted almost wholly to xerophytic plants (Chap. XIV). 
The term stoma is also, and perhaps preferably, applied to the opening 
in the epidermis plus the surrounding guard and accessory cells.. In this 
usage the orifice is known as the stomatal oj)ening^ or sknnatal aperture. 
The term stomate is also in good usage as a synonym for the term ^bstoma’’ 
in both the senses in which the word is used. 
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Structure and Action of the Guard Cells. — In all stomata the opening 
and closing is dependent upon changes in the turgor of the guard cells, 
increased turgor causing the stoma to open. The way in which the guard 
cells operate varies in different species according to the shape of the guard 
cells and the thickening of parts of the wall. In one common type the 


o MO 


Fig. 54. — Stoma i a . 
C, from Pyrus Malus. 
A]>lecirum hyemalc. H, 
view; 

‘ aatnuis. 


A, from Solunwrn tuberosu?ny in face view and cross section. 
D, E, from Lactuca saliva. F, from Medcola virgmica, G, from 
from Polygohatum hiflonmi. /, J, K, from Zea Mays: I, face 
cross seciiou through end of stoma; K, median cross section. L, from Cucumis 
(F, //, and J, after Copeland.) 


walls of the guard cells are uniformly thickened and the guard cells are 
elliptical as seen in transverse section (Fig. 54, F). With an increase in 
turgor these cells tend to become round in cross section, thus separating 
the closing walls of the stoma. In other types opening in a similar 
manner, the wall is unevenly thickened (Fig. 64, F). A modification of 
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this same principle of change in the shape of a cell which is asymmetrical 
in cross section is found also in other types of stomata in which the 
walls are unevenly thickened. In these types the cell wall may be very 
thick, except at two points or regions known as hinges.'^ The lumen 
of such cells is elliptical or oval as seen in cross section, and with an 
increase of turgor tends to become round, thus causing a stretching or 
flattening of the thin parts of the wall with consequent opening of the 
stoma (Fig. 54, G, the hinges being the median point on the side of 
the aperture and the entire opposite wall). In another common type 
the walls of the guard cells next the aperture are somewhat thicker than 
those on the opposite side of the guard cell (Fig. 54, H). Increase in 
turgor in guard cells of this type causes the thinner walls to stretch, and 
this, in turn, causes the entire guard cell to become more sharply curved; 
and since the concave side is next the aperture, the opening is enlarged. 
In the grasses and some other plants the ends of the guard cells are thin- 
walled and enlarged, whereas the central parts next the aperture are 
thick-walled and rigid (Fig. 54, 7, /, K). With increase in turgor these 
bulbous ends of the guard cells become distended and press against each 
other, thus forcing the rigid centers to separate and the stoma to open. 
In all cases decrease in the turgor of the guard cells results in the closure 
of the stoma. 

The above statements are descriptive only of general stomatal 
structure. Other more or less distinct types exist, the variations being 
largely those of shape of guard cells and of position of the thickened 
areas of their walls. The details of structure about the opening vary 
greatly with different species, but are sometimes constant for large groups, 
as, for example, the grasses, and the gymnosperms. Difference in 
habitat may cause great differences even within a genus, the most extreme 
modifications being found in xerophytes (Chap. XIV). The essential 
structural features are the same for all stomata, however. 

The guard cells differ from other cells of the epidermis of which they 
are a part in that their protoplasts are more richly cytoplasmic, with a 
prominent nucleus, and chloroplasts and starch grains are usually 
present. 

Functionally, stomata are of the very greatest importance, since it is 
through these openings that gaseous interchange between the intercellular 
space systems and the ou,ter air takes place. And upon this diffusion 
through the stomates largely depend the functions of respiration, trans- 
piration, and photosynthesis. The physiological processes and the 
physical laws involved in the activity of stomata do not fall within the 
scope of this treatment. 

Occurrence of Stomata, — Stomata occur on leaves and stems, their 
abundance being perhaps correlated somewhat with the amount of 
photosynthetie activity of the underlying tissue. Normally stomata are 
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mucli less numerous on stems than on leaves, but under conditions where 
the leaves are reduced, they are abundant on the stem where photo- 
synthesis is an important function of the cortex. The stomata of floral 
parts and of aquatic plants are often abortive or lacking. 

Hairs. — -Appendages of the axis or leaves which consist only of epi- 
dermal cells are known as hairs^ or trichome.s. Such appendages are uni- 



Fig. do, — Hairs. .^4, from corolla ot Epigaea, B, from leaf of Coreopsis. C, from 
leaf of Cucumis. /), from stem of Onopordum, E, from corolla of Phryma. F, from leaf 
of Arena, O, from young leaf of Plaianus. H, from stem of Aubrietia. J, from fruit of 
Rubus strigosus. J, from calyx of Ileliotropium* 

cellular or multicellular and occur in very many forms (Fig. 55). All 
transitional stages occur between the typical epidermal cell and one in 
which the outer wall is prolonged into a tube sufficiently pronounced to 
be considered a hair. Such intermediate cells, called papillose cells, are 
common upon petals (Fig. 129, C) and many leaves. So-called unicellular 
hairs may be formed merely by the prolongation of the outer wall of the 
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epidermal mother cell, as in root hairs (Fig. 53 ) ; or the basal portion, 
lying within the epidermis proper, may be cut off from the projecting 
portion. Unicellular hairs assume numerous shapes, including elabo- 
rately forked and branched types. Multicellular hairs likewise are found 
in innumerable types, and range from simple linear hairs of a few cells 
to complex, intricately branched, or massive structures, involving con- 
siderable areas of the epidermis. Stinging hairs (Fig. 41, .4), scales, and 
many glandular hairs (Fig. 41, B, C\ E) are complex multicellular 
structures. 

The cells of hairs may be dead or living. If alive, the protoplasts 
contain little cytoplasm, unless the hair is associated with secretion of 
some type when the cytoplasm is abundant and richly granular. The 
thickness of the wall and its chemical nature vaiy greatly. Such hairs 
as those on the fruit of the peach and raspberry (Fig. 55 , /), the flower of 
the willows, and the bud of the grape are very thick-walled. Cutinized, 
lignified, and cellulose hairs are frequent. Cotton ^Uibers ” are cellulose 
hairs. Other hairs, such as those of kapok (Ceiba), are of some economic 
value. 

Hairs are concerned with many functions, major and minor. It is, 
however, in the reduction of transpiration through the additional coating 
they provide that they are probably most important. Root hairs are 
morphologically typical hairs. 

THE PRIMARY VASCULAR SKELETON 

The primary vascular tissues of a plant form a definite vascular skele- 
ton, which may, in a way, be compared with the skeleton of an animal. 
In the various organs and parts of plants, the vascular tissues differ in 
arrangement, position, method of attachment, etc. from those of other 
organs or parts of organs, and these differences arc constant and charac- 
teristic, The skeleton of a species has a definite and fixed plan and differs 
more or less from that of other species. The skeletons of the different 
larger groups of plants — as of the larger groups of animals — differ from 
one another in important respects; the skeletons of smaller groups differ 
in less important respects, but may be very varied in structure. Great 
diversity of vascular structure thus exists among plants, and all conditions 
from very simple to highly complex are found. 

The Stele.^ — Owing to the fact that the axis is cylindrical or columnar, 
the skeleton of this part of the plant body as a whole is naturally more or 
less of the same type. The vascular tissues of the stele in their simplest 
condition form a solid, rod-like column in which the phloem surrounds 
the xylem. A stele with its vascular tissues arranged in this way is . 
known as. a protostele (Figs. 56, A; 103). The protostele is not only a 
very simple Tdnd of stele, but also is clearly the primitive type from 
which all others have been derived in the course of evolutionary speciali- 
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zatioii. va<t‘iilur ooliniin of a protostele wlieii seen in cross section 

may be circular; syiiiiuetricaily angular,' . such as triangular; stellate^ 
with hng-"pn\iectiiig arms;' or irregularly rounded and variously, lobed. 
A kind <jf stcl(‘ difhu’ing from the protostele .ehiefi}^ in that a pith is 
ii! is the siphonmiele, or Bolenostele (Figs. Sly B} 112/ 

A El. lliis typ(‘ of stele has been derived from the protostele and repre-: 
scaits a sf;ige in e\'olutionary adva.iiee. Like the protostele, the ,sipho“' 
iHisiek' shows various outlines i.ii cross section, but is commonlj?' rounded. 
Two typ(\< of siphonostel(‘ are foimd lectopMoic, where phloem occurs^ onl}?* 
on tho oui.-ide of Aw xyhmi; and amipMphloic^ where phloem occurs on 
tiu' iiisi(h‘ iA the xylem as well as on. the outside. When the sipho- 
iiostoh* is !>n)kon u[> into a network or a series of longitudinar strands, it 





A 

lOci. 56. iliiLstratiiijr the types of arrangemenfc of vascular tissues in steles. 

a, proiostole. Bosiphonostele. Cl dictyostele. 


becomes a dissected mpluuiosteh^ or dictyostele (Figs. 5t3, C; 112, B, F). 
In some cases, as in the majority of monocotyledons, the vascular bundles 
of the dictyostele — sometimes known as nieristeles - — are scattered through 
the pith arid cortex: so that the semblance of a stele or ring is lost. Such 
a eoiKlition has clearl^’^ developed in evolution from the siphonostele or 
tlietyostele, and is considered to belong to this type. 

The term rnonosiele, which has sometimes been used as synon^^mous 
with j)rotostele, was applied oiiginaily to those steles in which the vascu- 
lar tissues form a unit structure. In contrast with the monostele.was the 
‘‘polystele,'’ a type of stele in which the vascular tissues are in the form 
of strands, each one of which resembles more or less the entire vascular 
cylinder of protostelic plants. Thus, the protostele and the unbroken 
si|>honustele have frequently been called monosteles, and some types of 
dissected siphonosteles termed ^^polysteles.'^ The bundles of a dis- 
sected siphonostele — especially" when the stele is amphiphloic and the 
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bmidles iimpliicribral — resemble in cross section small protosteles, and 
the stele therefore appears like a multiple protostele; hence the term 
‘‘ polystele '^ was given to such a central cylinder. It is now understood, 
however, that this type of stele is merely a broken-up siphonostele, and 
that polysteles, as multiple steles, probably do not exist. Hence the term 
^^monostele ’’ has little use, and is commonly replaced by the more specific 
protostele and siphonostele, the broken siphonostele being called a 
dictyostele. The term “polystele,^’ as applied to any type of dissected 
siphonostele, suggests inaccurate morphology, and therefore should not 
be so used. 

Two theories exist as to the method by which, in evolutionary change, 
the siphonostele has been derived from the protostele. According to 
the '‘ expansion theory,’^ the central portion of the stele does not become 
vascular, but remains less specialized, becoming pith. The pith is, there- 
fore, according to this theory, morphologically vascular tissue. The term 
"expansion’’ is unfortunate here, since expansion of the protostele has 
not necessarily occurred. According to the "invasion theory,” the 
cortex has invaded the central cylinder in the course of the phylogenetic 
development of vascular plants, leaf and branch gaps being the openings 
through which the change has occurred. Under these conditions the 
pith is obviously not stelar in nature. A discussion of these theories lies 
outside the scope of this book. It seems, however, to have been estab- 
lished beyond much question that, iii seed plants at least, the pith is 
morphologically extrastelar in nature. In most of the pteridophytes the 
same condition obtains; in a few the pith is possibly stelar in nature. 

Occurrence of Stelar Types.— The protostele, being the primitive 
type, is found more commonly among the primitive plants. It occurs in 
many of the ancient fossil forms, and in the present-day flora is charac- 
teristic of the club mosses and a few of the ferns. It occurs in the roots of 
nearly all plants. The siphonostele or some modification thereof is 
found in all other living plants. The ectophloic siphonostele is character- 
istic of the stems of gymnosperms and of angiosperms generally, and is 
without question the most common type. The amphiphloic siphonostele 
is typical of ferns and of some families in the angiosperms. The dissected 
siphonostele occurs in many ferns and in the angiosperms to some extent, 
especially in the herbaceous types. However, in the two groups of plants 
the situation is not altogether the same, morphologically. 

Leaf Traces. — Prolongations of the stelar vascular supply extend into 
leaves (Fig. 57, A). Such vascular bundles constitute the leaf traces, 
or foliar traces. The bundles supplying a single leaf range in number 
from one to many, but the number is largely constant for a given species 
and often for families and even for larger groups. The term "leaf trace ” 
is used in two somewhat different ways — as applied to any bundle which 
extends to a leaf, and to the complex of bundles which supplies a given 
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leaf. Thus it may be said^ for example, that three leaf traces are charac- 
teristic of a given plant, or that ' the leaf trace of the plant in question 



Fig. 57. — Diagrams illustrating leaf and branch traces and gaps. A, longitudinal 
section of node through leaf trace and gap. B, similar to J., but with branch trace and gap 
also present. C, view of vascular cjdjnder showing departure of leaf and branch traces, and 
the gaps associated with each. D, JS', F, cross sections through stem illustrated in -4 at 
levels a~a, b-b, and c-c, respeetivcdy. G, face view of outside of cylinder shown in C, the 
leaf and branch traces cut away at the surface of the cylinder. //, transverse section of G 
at a-a. (In diagrams A~II the vascular tissue is not differentiated as xylem and phloem; 
the traces are doubly cross-hatched. In I, more detailed structure is shown, protoxylem, 
meraxylem, and pliioein being indicated.) 

coiLsists of three bundles. The term leaf supply is sometimes used to 
indicate the sum total of the traces passing to one leaf. 

Structurally, leaf traces are strands of primary vascular tissue, the 
proximal portion of which (that lying inside of the phloem) consists of 
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xylem alone. In all cases the xylem of a trace is^ in part, protoxyleni. 
The distal parts of the trace contain phloem,, and secondary xylem and 
phloem may be added. Since the trace is merely an extension of the 
vascular .system of the stem — either . as a definite, abruptly separated 
branch of that system, or as a strand gradually set off as a, distinct 
part — there is not usually a definite point of origin of a trace. The trace 
as an identifiable, protoxylem-containing strand ma.}’', indeed, often 
be followed down the stem for some distance below the level at wdiich 
it begins to swing outward, and there found to merge with other traces 
or with the xylem of the primary cylinder. Distally, the limit of a 
leaf trace is usually understood to be the base of the petiole. The 
bundles within the petiole or leaf base are not usually called traces. 

The length of a leaf trace depends upon the course followed through 
the cortex: if this is direct^ radial and nearly horizontal, it is short 
(Fig. 59, M); if obliquely upwuird, it may be long (Fig. 59, 0, P), espe- 
cially if the stem is partly encircled at the same time (Fig. 59, 1, J). The 
term trace is applied to these bundles from the point in the stele 
where they first become evident as foliar supply bundles to the base of 
the leaf. The number of leaf traces characteristic of a species or of a 
larger group is the number of bundles which leaves the stele to enter 
any one leaf. These in their course through the cortex ma}" fork or 
fuse in various ways. Such changes are even more common in the 
petiole where complex structural conditions often arise. Further fusion 
and ramification occur in the leaf blade according to the type of leaf 
and of venation characteristic of the plant in question. The vascular 
supply to stipules is derived from the lateral traces, usually within the 
cortex. 

Branch Traces. — The primary vascular supply to lateral branches is 
also derived from the stele of the main axis in the form of two bundles, or, 
less often, one bundle. These strands are termed branch traces, or ramti- 
lar traces (Fig. 57, B, (7). Branch traces, like leaf traces, arc connected 
with the first-formed parts of the primary stelar skeleton. Thus, all 
parts of the axis and the appendages are tied together by the primary 
vascular system. Where the branch supply consists of two traces, these 
bundles unite within a short distance, forming a complete stele (Fig. 57, C ) ; 
where but one trace occurs, this strand has usually the cross-sectional 
form of a crescent or horseshoe with the opening downward, and the cylin- 
drical stele of the branch is formed by the closure of the opening as the 
trace passes out.^ 

^ It should be borne in mind that terms of motion are used herc^and elsewhere 
in the book — ^in the description of the course of bundles, merely for%]ie sake of ease 
in expression. For example, a. leaf trace does not '‘pass out of,’' “run through,” 
or “enter” a region in the sense, of actual moyement (or even necessarily in the sense 
of increase in len^h in the stated direction, though this may be the method of devel- 
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Leaf and Brancli Gaps.— In the majority of vascular plants the out- 
war* i |>assiige 01 a Ictif or branch trace is associated with, the formation of 
ti break or intorruijtion in the vascular cylinder around and above the 
point of (U“|)artiir(* of the trace (Fig. 57). This opening, through which 
thti (‘ortex anti ivith become continuous, is known as a gap — a leaf gap 
in tile ease of a leaf trace, and a branch gap in the case of a branch trace. 
,Leaf gai)s aiv constant in appearance in the great group of vascular plants 
known as the Pteropsida. This group is made up of the ferns, the 
gynnujsperms, and the angiosporms. Leaf gaps do not occur in the 
Lyeopsida, a group which includes the elubinosses, horsetails, and a 
hnv otlier ;siniil;ir plants. I^raneh gaps are present in all vascular 
plants whicii p<K^sess a pith. In protosteles, gaps, of course, do not occur, 
since no |)itii is present. Gaps are not associated with root traces. 

J.etif gaps vary niuch in width and in longitudinal extent. Their size 
is not directly related to the size, type, or persistence of the leaf. Com- 
monly, in the gyinnospenns and angiospcrms, leaf gaps are small, extend- 
ing but a short distance above the point where the trace leaves the vascular 
cylinder. In the ferns, leaf gaps are generally larger and may extend 
for considerate distances, even through several internodes. Branch 
gaps are commonly larger than leaf gaps and extend for greater distances 
m4he.,axis. 

The Breaking of the Vascular Cylinder by Gaps. — The vascular 
cylinder is broken up in different degrees by the presence of leaf gaps. 
Where the gaps are small and of limited longitudinal extent, the cylinder 
is but slightly, broken by them (Fig. 58, G); but where they are large 
and elongate, extending through one or more internodes, the common 
condition in the ferns, the siphonostele is dissected, becoming a dictyo- 
steie (Fig. oS, II). The degree to which a siphonostele is dissected 
depends upon the extent of the gaps and upon the closeness of the nodes. 
Where the gaps overlap, due to their great length or to the shortness of the 
internodes, the c^dinder consists of a network of bundles which in cross 
section appear as a circle of discrete strands (Fig. 58, H, I). By the 
presence of leaf gaps alone the cylinder may thus be broken into dis- 
tinctly separated strands. Branch gaps still further complicate the 


opmerit); nor does a '‘gap” or a “break” occur in a vascular cylinder as an actual 
* opening up o£ the tissues. In the construction of a building the position of the gap 
which later becomes a window is determined, and the opening is formed, in early 
steges of framework d(3volopineut; tlie window is not cut through a completed wall. 
The structural plan of a region in a plant body is developed gradually out of the 
meristejn whieli is biiikling up tliat part of the plant, r^+.o, 

strums^, themoBitio.n.and ofjthe tvonchamctpristic 
region in qiiestiom For example, procambial ceils develop early in the position in 
wncirtlrn' l will lie when mature; and procambium is lacking in the area 

in which a gap later becomes evident. 



118 


AN INTRODUCTION TO PLANT ANATOMY 


structure. The primary vascular cylinder may thus be complex in the 
arrangement of its vascular tissues, especially in nodal regions where 
the outgoing leaf and branch traces are also present. 

Branch traces are separated abruptly and depart as soon as freed from 
the cylinder (Fig. 57, B, G ,) ; leaf traces, on the other hand, may be freed 
from the cylinder and yet maintain their position in the circle for some 




l^iG, 5S,— -Diagrams showing variety of form of leaf and branch traces and gaps. ■ A~F, 
face vie'ws of nodal region, showing traces cut away at outside of vascular cylinder and the 
gaps: *4“D. one leaf trace, M, three traces and three gaps, F, three traces, departing to- 
gether, leaving one gap; Jl, the leaf gap closed below the two branch traces and the branch 
gap; B, the leaf gap fused with the branch gap; <7, the leaf gap closed below the departure 
of the single branch trace; D, the single branch trace departing at the top of the leaf gap; 
E, three leaf gaps from as many traces, all fused with the branch gap: F, one leaf gap from 
three traces, fused with the branch gap. . G-J, diagrams of vascular cylinders showing vari- 
ous amounts and types of dissection by leaf gaps. 

distance before passing out into the cortex (Fig. 59, A, D). Below the 
point where the trace is separated from the cylinder it is in many cases 
evident for some distance as a distinct, though not isolated, strand, 
chiefly of protoxylem (Fig. 59, A, E). This distinctness of the strand 
in the xylem cylinder is due to the type and size of cells composing it, these 
being different from those of the adjacent xylem. Externally, the trace 
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.. fior. ciefiiiitcly liiniteci, merging into the xy.lem of the _ cylinder (Fig. 
59, I’D, Such a downward extension • of the trace may beymiy._short,or 
dun^iiigwn* iuay several inte.rnodes ill length. ^ . 

A leaf-trace liuiullo is commonly freed /roiti the stelar cylinder on 
botii sidr?s simiilta'iieoiish^ but one side may "remain attached/or a time^ 
even while the t,race swings out into the co.rtex''(Fig.'^59, F, The 

tracc^ tlieii appears to depart from the side of the gap rather than from 



r'lG. 59. — Diai^rams showing variations in the method of departure of leaf traces. 
n~F, the trace freed some distance below its departure from the cylinder; n, face view; 
B-E, cross sections at levels 5-5 to c-e, respectively. F~Hj the trace freed on one side before 
the other: F, face view; G and H, cross sections at levels a-a and 6-6, respectively. J and J, 
irace.s departing from the cjdinder in regions not underlying the leaf attachment — “ girdling 
traces:” 7, course of traces seen from the outside, the points of departure from the cylinder 
and of entrance to the petiole indicated; J, the course of the traces projected from their 
pt.iints of departure to the petiole. K, projected course of three traces arising separately. 
L, projected cour.se of three traces arising from one gap. M-Q, longitudinal sections of 
nodes sliowing various courses of the departing trace. 

its base. Where a trace departs from the side of a gap or other opening 
in the cylinder already present, the gap theoretical^ associated with the 
new trace is not evident, being merged with the larger gap. 

The Number of Leaf Traces in the Plant Groups. — The number of 
traces supplying the loaf ranges, as above stated, from one to many. 
In the pteridoplndes there is in most cases one, though sometimes there 
are two or many; in gymnosperms, one or two; and in angiosperms, 
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one, three, five, or many. Three is perhaps (he primitive* nuinher for 
the last group; where there is one this is either the rc*snlr uf fusion of 
the original three in evolutionary devolopincnt, or of reduction of the 
three to one by the loss of the lateral bundles. I’liree and one am the 
most common leaf-trace numbers in the liowering |)hints, three being 
characteristic of nearly all the Amentiferae, and of such fa^tnilies as the 
Rosaceae, Aceraceae, and Compositae; and one of tla* Fiaui-acaaie, Erica- 
ceae, and Labiatae. The number of traces is adnnest v'liolly independent 
of the size, type, and duration of the leaf, and of tlie nature of i(s attach- 
ment. Many plants with large leaves, such as Fohrinn^, lia ve one trace; 
others, such as Juglans, three; and still others, sucli as Cindia^ many; 
plants with small leaves likewise have one, or many tj'aees. The 
floral bracts of Salix, which are minute, cphemenil leaves, ha-ve three 
traces. Leaves with clasping bases may have uuiny, as in the I'nibelli- 
ferae, or one, as in the Caryophyllaceae. 

The Departure of the Leaf Trace from the Vascular Cylinder. — The 
traces of a leaf normally depart individually, often at eonsiiku'aWe 
distances from one another laterally about the stein, as well as \'ertieally 
on the axis (Fig. 58, G; 59, K). In many cases, however, tlie traces 
depart side by side (Fig. 58, F; 69, L). Oiih^ one gap is then formed by 
the group. Traces most frequently depart from that segment of the 
stele which lies directly beneath the attachment of the lerif. Where 
there is more than one trace, the median ti'ace appears op|X)site the 
center of the leaf, the laterals arising succes>sively higher and Iiigher in 
the stem and farther and farther around the cylinder from, the median 
trace (Fig. 59, J, /). Traces may depart even from tlie side of the stele 
opposite to that on which the leaf stands. Such traces enter the base of 
the petiole directly if the latter clasps the stem extensively, or may 
girdle” the twig in the cortex, swinging around the stem as the^^ pass 
upward through the cortex to the petiole base. Wlicn traces thus pass 
around the stem for some distance in their course from vascular cylinder 
to petiole, they have been called ^'girdling traces” (Fig. 59, J, J), The 
leaf traces of the cycads are girdling traces of an exti'cme type. Of 
the bundles of a leaf supply the median trace is commonly the largest ; the 
laterals form a series progressively smaller toward the margins of the leaf 
base. Lateral traces may, however, be stronger than the median trace, 
as in the potato plant (Fig, 62). 

The angle at which the trace leaves the central cylinder varies greatly, 
being usually very small, the strand departing gradually from th (3 pith 
and passing obliquely, sometimes almost vertically, through the cortex 
(Fig. 59, Nj 0, P). Less commonly, the trace passes outward nearly at 
right angles to the stele (Fig. 69, ilf), entering the leaf ba.se after a very 
short course through the cortex. Branch traces also commonly pass out 
nearly at right angles. 
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Fig. go .—Diagrams of the primary vascular system (or of a part of the system) of stems, A~D, the 
cylinder split open and shown in one plane; Thuja occidentdlis (the lines represent broad bands, 
t)y narrow breaks); B, Chenopodium glaucum; C, IreHne paniculata; D, Ephedra distachya. 
E-Mj types or bundle course m the monocots — the horizontal lines indicate nodes, the dotted vertical 
lines imaginary cortical limits: E, a palm type; F, Tradescantia virginica; G, rhizome of Acorns Calamus; 
/i, i>cir2ms cypervnus. I~M, Dulichium arundinaceum; J, bundle system seen in one plane; J, longitudinal 
*^0*1011; A-M, cross sections; A, above the node; A, through the node; M, below the node. (B, C, after 


122 


AN INTRODUCTION TO 1*LA NT ANATOMY 


The Dissection of the Vascular Cylinder by Reduction. To repeat, 
the primary vascular cylinder may be broken into isnlatt'd strands by 
gaps alone. However, in many plants, both herbaceon.s and woody, a 
more extensive reduction and dissection has occumai, in •which the jji'i- 
mary cylinder has in evolutionary development not otily biH-oiiie thin 
radially, but also broken into di.screte strands, sepnniteil i-.y iniids of non- 
vascular tissue. This is the condition in herl.nna'ons plnnts of a l■(■i•tain 
type where the non-vascular strips are wide, sut-li as h'tiniiNraiNx. //apa- 
tiens, and Pilea; in some vine.s, both woody ami lierbaceoiis, such as 
Clematis, Apios, and Menispermum; and in .some trees and shrubs, such as 
PlatamiSjLonicera, And Berberis, Avhere the non-vascuhir bands arc narrow. 




Fig. 01. — Diagrainis of idrimary vasriilar sy.stonis. A, Poptdus (‘' f.’ttraliua 

poplar’'); only the larger bundles shown. B, Impatient^ pnUldti, ila* 
the lower nodes show braneh traces; tlie system becomes more eom!>lex in 
internodes, a new bundle being added at each node. (Tlie inlernodo.s art.' nundi shorfened 
in these diagrams.) 

The primary vascular cylinder of these plants is a network of aimst oimjsing 
bundles, the strands forming a definite pattern which i.s eonsiant. foi- the 
species in question. The structure of this network v;u’ie.s gre.atly ( Mgs. 
60 , 61 , 62 ), and depends in part upon the miml)er of traces to the leaf 
and upon the phyllotaxy. Anastomosis takes place usually close to the 
nodes and long, straight bundles may then e.xtend fj'om nodal region to 
nodal region. In the majority of monocotyledons, and in soim' dicoty- 
ledons, the bundles do not lie in a cylinder, but are arranged somewhat 
in the form of a loose sheaf, so that they appear in cross section as 
scattered bundles. In some ferns, such as Pteris, ami in a <>onsiderable 
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number of dicotyledons^ for example, Dianthera, the bundles constitute 
an open cylinder, but a few of the strands run through the cortex or the 


pith. In both the monocotyledons 
and in these forms of anomalous 
structure, a definite system of 
arrangement exists. 

Cauline and Common Bun- 
dles. — Where the primary cylinder 
is thus made up of independent 
strands, two types of bundles are 
recognized: caulme bundles^ those 
which are definitely^bundles leading 
through the stem and which have 
no direct relation to leaves (Fig. 
62, the large bundles); and com- 
mon bufidles, those which pass, 
through the stem for a greater or 
less distance but which terminate 
as leaf traces (Fig. 62, the small 
bundles) . Cauline bundles in most 
cases are connected laterall^^ with 
common bundles and with leaf 
traces, and certain portions of the 
vascular system often cannot be 
distinguished as definitely cauline. 
or common. The stem bundles of 
some species are wholly common 
bundles, perhaps the usual con- 
dition in dicotyledons and gymnos- 
perms; those of others,' cauline 
and common bundles in various 
proportions.) . 

General Structure, of the Pri- 
mary , ¥ascular Cylinden— In- the 
majority of angiosperms, both her- 
baceous and woody, the primary 
vascular cylinder of the stem is not 
so extensively broken up by inter- 
fascicular parenchymatous bands 
as in the forms just discussed. It 
is perforated only by comparatively 
small and more or less remote leaf 
and branch gaps. In such cylin- 
drical sheets of tissue, there are 



in most plants more or less prom- 
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inent ridges projecting into the pith (Fig. 63, (t, 1). The.'^e ridg(.‘S 
correspond morphologically with the common and cauliiu; ‘imndli's of 
the more dissected stele. In this case however, there .-ire no bundles, 
as such, since the ridges are all bound together by Iho thinner aiva.-^ of 
primary vasculai' tissue which lie between. In the ontogeny ol the vascu- 
lar cylinder these ridges mature first, the larger and most docpl.\' in'cijcct,- 



’ Fig. 63. — A~~M, difigrams showing the effect upon pith form of the gradual departure of 
the trace: A, longitudinal section (in plane c-c of B); B and C, cross sections of stem shown 
in A at levels a-a and h-h, respectively (the traces depart according to one-third pliyllotaxyj ; 
f), JS^,^ci*oss sections of a similar stem with twm-lifths phyiiotaxy, I) being one inlerinKie 
higher than E; the traces are labeled, in order of their departure, a, 6, r, d, c, F-K, croy.s 
section diagrams showing the form of the primary vascular cylinder, the inwardly pro- 
jecting ridges being common and eauline Imnclies and leaf traces: F, young stem in wincli 
only the first primary xyiem, forming the ridges, is mature; G, the lidges conneefed by 
later formed primary xyiem; //, the ridges connected only by secondary xyiem: /, like hut 
with secondary xyiem also; ,/, the first-formed primary bundles not later (amnected, and 
secondary xyiem formed on the outside of the bundles; /<, like J, but without secondary 
xyiem. (Phloem is not shown in F-K.) 

iug ones earliest. The innermost parts of these early forme<i straiuls 
consist of protoxylem. Later, less prominent ridges develop, and’ these, 
together with the still later formed connecting strips of primary xyiem, 
are wholly metaxylem. When the stem is very young and the connecting 
flanges of tissue are still undifferentiated from mei'istem, the ridges con- 
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stitute discrete bundles (Fig. 63, F), When the primary vascular tissue, 
has all matured, uniting the bundles into a cylinder (Fig. 63, G), these 
first-formed strands are still prominent, owing to their position nearer 
the center of the pith; because of this prominence, they have often been 
considered, erroneously, to constitute the entire primary vascular 
system. In those plants where during primary growth the early formed 
bundles are not later connected laterally by primar}" vascular tissue — a 
cylinder of isolated primary strands resulting — the bundles may be 
united by secondary tissues (Fig. 63, H), A complete cylinder may thus 
be formed — embracing or embedding the first-formed primary bundles — 
either by primary or by secondary growth (Chap. VI). In many cases 
it is difficult to determine whether the connecting strips are primary or 
secondary. Both primary and secondary tissues are commonly developed 
in both herbaceous and woody forms (Fig. 63, /). Where these 
connecting bands, either primary or secondary, do not develop, a stele of 
the so-called ^^herbaceous type,’^ with isolated strands, is formed (Fig. 
63, J, K), This condition is thus structurally comparable with the early 
stage of a complete vascular cylinder when only the first-formed bundles 
have appeared. 

As seen in a cross section of the mature primary cylinder of a stem, the. 
most prominent of the ridges projecting into the pith are in many cases 
common bundles. These bundles may be, however, the downward extern 
sions of the leaf traces which pass out at the next node above. In such 
cases they become, as the node is approached less, and less pronounced as 
wedges projecting into the pith. Sooner or later they swing outward, 
either gradually (Fig. 63, A) or abruptly, and come to lie in indentations 
of the vascular cylinder rather than on projecting points (Fig. 63, B-E), 
Ridges of the pith then project into the vascular cylinder. As the traces 
pass farther and farther out, the pith ridges increase in extent and the 
vascular cylinder is broken by the presence of the leaf gap thus formed. 
The shape of the pith as seen in cross section may clearly indicate the 
phyllotaxy of the plant in question. Thus a one-third phyllotaxy may 
be evident in a three-lobed pith, as in Alnu^ (Fig. 63, A, R, C) ; a two-fifths 
in a five-lobed pith, as in Quercus and Populus (Fig. 63, D, E) ; a one-half 
by an oval or elliptical pith, as in Ulmus, In long internodes the pro- 
jecting ridges of the pith are prominent only where the traces gradually 
pass obliquely outward; the more gradual the departure of the trace the 
longer and often the deeper the lobe. Where the number of traces per 
leaf is more than one, the lobing may be obscured, but lateral traces 
commonly are smaller and pass out much more abruptly than do median 
traces, so that the characteristic lobing is still evident. ^The number of 
first-formed strands, whether ultimately still free or fused into a cylinder, 
may be few or many. These become more or less obscure where an 
unbroken cylinder is formed, whether this be of primary nature alone or 
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whetLer secondary growth is also concerned in the (‘oiiip!eti<iii of the 
cylinder. In monocotyledons the large number oF bmiidles and tiie 
complexity of the system often remler the scheme (jf arrangcni^ait 
difficult of interpretation. 
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CHAPTER VI 

THE ORIGIN AND DEVELOPMENT OF THE SECONDARY BODY 
AND ITS RELATION TO THE PRIMARY BODY. THE CAMBIUM 

That the primary plant body is in itself structurally and functionally 
complete is evident from the fact that in many forms it alone constitutes 
the plant/ for example^ the majority of monocotyledons and the pter- 
idophytes. In the gymnosperms and in most dicotyledons^ however, 
primary growth is soon followed by secondary growth, which usually 
becomes, both structurally and functionally, the more important. 
Secondary growth is effected by definite layers of initials — in vascular 
tissues, by the cambium; in other tissues, by similar meristems.’ These 
growing layers provide additional and constantly renewed conducting, 
supporting, and protecting tissues. Primary growth chiefly increases 
the length of the axis and adds the appendages; secondary growth increases 
the diameter of the axis (after the initial increase), and is responsible in 
most cases for the greater part of the mature plant body, supplying the 
requisite support, protection, and conduction for the large body of woody 
plants. Only in some of the monocotyledons, for example, a few of the 
palms, is a large body present which is wholly primary in nature. The 
majority of the larger monocotyledons, including many of the palms, 
the woody yuccas, and other lilies, possess secondary gro^vth of a special 
type (p. 159). 

Secondary tissues fall into two groups: the vascular tissues, those 
formed by the true cambium; and those^ such as cork, formed by other 
similar but secondary meristems. 

The Origin of the Cambium from Procambium. — As explained in 
the preceding chapter, the primary vascular skeleton is built up by the 
maturing of the cells of the procambium strands or cylinder to form xylem 
and phloem. In plants which have no secondary growth, all cells of the 
procambium strainfe mature to form vascular tissue, and further increase 
in the amount of this tissue is impossible, except by unusual methods. 
On the other hand, in plants in which secondary growth later appears, 
a part of the procambium strand remains meristematic and gives ris^ 
the cambium proper. The cambium, then, commonly represents J 
persistent portion of the apical meristem (Pig. 42), a section which remains 
meristematic and which becomes transformed into a growing layer of a 
different type. 

’ Since the maturation of procambial cells usually proceeds progress- 
ively toward the center of the procambium strand the cells in the cen- 
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iral region are the last to become permanent. Wl^ere caiubinm devolopB, 
these last central cells do not transform into pei’nianeist xyiem or phloem ^ 
cells, but retain their meristematic activity indefinitely as <%anihium (‘ells. 

In the early stages of cambium development' tlnu'c is a. ninjv or less 
irregular 2 :one of meristematic tissue betAVoen ilu? areas of ])i‘imary x}Iem 
and phloem. At this time the protoxylcjii elemc?iiis are usually mature 
and the metaxylem cells are in the process of maturation. The begin- 
nings of cambial activity and the development of the last of the primary 
metaxylem therefore occur simultaneously. 

As commonly understood, the true cambium docs not exist as sueli 
until there is established a definite tangential I'ow of initials which divide 
regularly in the tangential plane. Just before tlie formation of suclx a 
sheet of tissue there is a transitional peilod during whi{*h coll division is 
taking place in various planes in the central proeambial zone, l:>ut tend- 
ing in the later stages of development to occur more and mom in the 
tangential plane only. As these tangentially di^'idiDg cells mature, those 
retaining their meristematic activity become arranged in a definite 
tangential row, becoming the true cambium, which then forms secondary 
tissues. It is thus evident that it is impossible to distinguish sharply 
between primary and secondary vascular tissues, since the two merge into 
one another, both in position and in development. Further confusion is | 
also caused by the fact that in many cases, as, for example, in Lobelia and 
Trifoliuni (Figs. 46, B; 117, A), the primary xylem elements are arranged 
in radial rows. These rows do not alwa 3 'S, however, lie in the same radii f 
with rows of cells formed b}^ the true cambium, and the transitional zone 
between primary and secondaiy xylem is iisiialh" without regular coll 
arrangement. 



In roots, the formation of the cambium differs from that in stems 
because of the radial arrangement of the alternating x^dem and phloem 
strands (Chap. X). Here the cambium arises as discrete strips of tissue 
in the proeambial strands inside the groups of primary pliloem (Fig. 106). 
Later, by lateral extension through parenchymatous tissues the strips of 
cambium are joined in the peric^xde opposite the ray^s of priinaiy xylem. 
In this extension the parenchymatous cells become activel}" meristematic 
and by division form a cambium much as in thefformation of some 
types of interfascicular cambium from the procambium in stems (p. 131). 
Because of the place of origin of the cambium in roots, this nieristem does 
not, in its early stage of development, form a symniottieal cylindrical 
structure, ■ but rather, as seen ^ in cross section of the axis, an irregular 
band of tissue which curves outward around tlie ends of the xylem rays 
and inward inside the strands of phloem. Commonly, however, second- 
ary tissue formation is most rapid next to the groups of phloem, so that 
the cambium as seen in the transverse section of older roots forms a 
circle. In some cases development .of secondary tissue by the cambium 



ORIGIjY A..ND DEVELOPMENT OF THE SECONDARY BODY ' 131 


inside the phloem groups goes on to, a' considerable extent before lateral 
extension around the xylem is complete, so that a cambium ring is pres- 
ent as soon as the segments join. 

Fascicular and Interfascicular Cambium. — The first ' procambium to 
develop from promeristem is usually in the form of more or less isolated 
strands. In many plants th^se first-formed strands very soon become 
connected laterally by similar procambium strands between them or by 
the lateral extension of the first-formed ones, with the result that a 



Fig. 64. — Diagrams to show the formation of the cambium cylinder in stems. (The 
primary vascular tissue is singly cross-hatched, the secondary, doubly.), A-D, successive 
stages in typ"e where complete primary cylinder is formed: A, the first i;)rimary tissues are 
mature in the procambium strands and the cambium has appeared in the center of the 
bundle;. .S, C, the bundles have increased in size, secondary tissues are formed, and new 
small bundles are arising betw^een the first; D, complete primary, secondary, and cambial 
cylinders are formed by the union of the bundles. E-F, type with complete cambium 
cylinder, but incomplete primary cylinder: E, the fascicular cambium has built up second- 
ary tissues in the bundles; the interfascicular cambium has just arisen; F, secondary tissues 
complete the vascular cylinder. (The interfascicular cambium in E may arise in either of 
two ways — see text.) G, similar to E-F, but the interfascicular cambium forming only 
parenchyma. H, similar to E, but with a vestigial interfascicular cambium, which forms 
few or no vascular cell' ^ vrimary cylinder of discrete strands, each wdth cambium and 
secondary tissues; no u mT oy secondary growth. 

practically continuous cylinder of procambium is formed. In the course 
of development this gives rise to a continuous cylinder of primary xylem 
and phloem and also of cambium. Ultimajtety, a cylinder of secondary 
vascular tissue will also be formed, arising in strands as does the primary 
cylinder (Fig. 64, A-D), In many species, however, especially in herba- 
ceous forms, such as Ranunculus and Im^patienSf the procambium strands, 
and hence the primary vascular tissues, do not fuse laterally but remain 
in discrete strands. In such cases the cambium likewise is in the form of 
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longitudinal bands, since it does not extein.l lateral !>’ beyond the limits 
of the primary xylem and phloem between wliicli it- arises (Fig. 64, I), 
Such strips of cambium then constitute the entire cambial liueisteiri, as 
in Rammculus; but, more often in herbaceous stems Ihe (*ambinm (‘xtends 
laterally from the first-formed bands across tlie intervening s|)aecs until 
a complete cylinder is formed (Fig. 64, E), Where such (extension occurs, 
the cambium may arise from thin sheets of procambiiun which become 
cambium in entirety, that is, without the |)]*evious i'oianation of x^dem 
and phloem by the procambial bands. In nifjst such easels, however, the 
coimecting, late-appearing sheets of cambium arisen from parenrfiyma 
cells which have become permanent, or nearly so. ’11 k‘ development of 
strips of cambium from permanent cells in this vxiy !iia.k('s these ])arts 
meristem of secondary nature, like cork cambium (Fhain IX). Thus in 
plants of this type a cylinder of cambium may I)e entirely primary mm- 
stem or may consist of alternate strips of primary and secondary inerh 
stern.^ In either case, however, the tissues fornied by this mojistem are 
secondary throughout. To the strips of cambium which arise within 
collateral bundles the term fascicular caiubiuni is a|)plied, ami the por- 
tions in the intervals between the bundles are knowu as inter fascicular 
cambium (Fig, 117, d ). The latter term is sometimes restricted to those 
strips of caml)ium lying between primary bundles which do not in their , , 
activity form xylem and phloem, but merel}^ parenchyma, as in Clemaiis. 

Between the condition found in the woody plants, where a complete 
eambiunx cylinder is formed from a com|)lete procambiiim cylinder, and 
that condition frequent in herbs, where the cambiiun, even in the mature 
plant, is in the form of discrete strips, all intergrading conditions are 
found relative to the formation and activity of the interfascicular cam- 
bium. In herbaceous plants with woody cylinders the interfascicular 
cambium may be identical "with the fascicular cambium in origin and ; 
function, but merely delayed in development from the normal pro- * 
cambium, which in those regions may foian little or no primar}-^ vascu- 
lar tissue. Such cambium forms normal secondary vascular tissues in 
the same way as the fascicular cambium, altliough in many cases the 
amounts formed are not so great (Fig. 64, F). The same structure 
may form from interfascicular cambium developid from more or less 
permanent parenchymatous tissues; but more frequently no real vascular i 
tissue is formed, the cambium giving rise to parenchyma only, as in | 
Clematis. In such cases, discrete collateral vascular bundles occur, which ‘ 
are separated by secondary parenchyma. This is apparently a specialiized 

^ Since a continuous sheet of cainhium is tlius in some cases partly primary and 
partly secondary, it is apparent that the classification of meristems as primary and 
secondary is artificial; and that from a morph ologif^al as well as from a physiological i 

viewpoint such classification has but little value. However, the classification is i 

, one of convenience in the study of .meristematic development. j 
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coiiditioii,^ found for tlie most part in woody vines and in some herbaceous 
forms, /it has undoubtedly been derived in phylogeny from the woody 
condition and is not, as is frequently statedj a stage in the development 
of a woody cylinder by the fusion of vascular bundles. In some lierba- 
ceous stems, as. in species of Geum and Agrimonia, for example, an incom- 
plete, vestigial interfascicular cambium is found; its scattered cells divide 
but once or twice (Fig. 64, H), 

The Time of Cambium Development in Stems —In the stems of 
plants with well-developed secondary growth the cambium begins to 
differentiate from the procambium in a given region even before that 
region has ceased to elongate. The cambial derivatives do not, of course, 
mature as such at this time, but some divisions may take place, so 
that as soon as elongation ceases there may be simultaneous maturation 
of cambial derivatives and of primary metaxylem, although a considerable 
proportion of the latter usually mature first. As before stated, there is, 
therefore, a zone of maturing cells in which the primary and secondary 
tissues cannot be differentiated. Thus, in the majority of plants the 
formation of cambium is going on in the new parts of axes during the 
entire growing season or as long as the axes are increasing in length. In 
plants which have both intercalary meristems and secondary growth, 
as in some of the mints, cambium may be in an early stage of develop- 
ment in regions other than those near the tips of the axis. In general, 
it can be said that in plants which have secondary growth, stem elonga- 
tion, whenever it may occur, is either accompanied by or immediately 
followed by cambium development. In some of the reduced herbs, which 
have very little secondary growth, cambial activity may be delayed for 
some time. 

The Time of Cambium Development in Roots. — In roots, cambial 
development frequently does not take place so quickly after elongation 
ceases as in the stems of the same plant. In fact, in many of the smaller 
feeding roots, a cambium msiy not be formed at all, even though secondary 
growth occurs abundantly in the stems and larger roots. This condition 
is apparently an adaptation to the function of the root as an absorbing 
organ, since wherever extensive secondary growth arises the root is no 
longer capable of absorption in that region because of the destruction of 
the root hairs, endodermis, and cortex, and because of the usual immediate 
formation of periderm. Thus roots of some herbaceous plants may be 
without secondary thickening even though *such growth occurs in the 
stems; and in some woody species a considerable proportion of fibi*ous 
rootlets contain only primary growth. In the main root system of both 
woody and herbaceous plants, however, the cambium arises soon after 
elongation has ceased. 

Extent of the Cambium. — In the normal woody plant and also fn 
many herbs the cambium forms a layer over the entire inner part of the 
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body, except at the growing tips of the axis where tlie eaiiibiiiin has 
as 3^et been differentiated. The cambium of a paid of a stern or inot ^ 
thus forms a hollow cylinder, and that of the entii’e plant a !)raTicliing;tt,;'^ 
tubular structure. The whole la^mr is frequently s|)oken of as tlie camk, 
h'wni cijUnder, Strand-like extensions of the eaiiii^iuiu often occur in 
leaf traces, and at leaf and branch gaps above such t, races theie are breaks 
in the continuity of the cambium while the axis is young. I'siially I 
within a few weeks after the initiation of cambial growiJi, however— or 
at most within a few months, the length of time depending upon the size 
of the gap and upon other factors — the cambium extends over the gaps, 
gradually closing them from the edges. The extensions of the cainbium 
in leaf and branch gaps are secondary in nature, appearing as new areas 
of nieristeiii developing in the gap parenchyma by the division of certain 
parenchyma cells, d'hus, in plants of this t 3 "pe the perforations of the 
cambial cydinder are closed, and the cylinder is henceforth unbroken 
except for the occuiTenee of wound areas. 

In plants in which the stele is dissected, as in man^y herbaceous 
" forms, the extent of the cambium is, as already" stated (p. 132), no greater 


than the width of the collateral bundles of which the stele is comprised, 
In these cases the cambium consists of a broken cydinder of strips or 
bands of tissue. These bands follow various courses, according to the 
plan of the primaiy vascular system (Chap. Y), The width of these 
strips or plates of cambium necessarily varies as gj'eath^ as does the width 
of the vascular bundles of which thej" arc a part. In some reduced 
herbaceous forms the width of the strips is only a small fraction of the 
circumference of the stele. 

Cambium is also found in the peduncles and pedicels, commonly in 
the petiole and larger vascular bundles of leaves, and rarely in the bases 
of monocotyledonous leaves. 

Duration of the Cambium. — ^The extent of the funetional life of the 
cambium varies greatly in different species and also in different parts of 
the same plant. In a perennial woody plant the cambium of the main axis 
lives from the time of its formation until the deatli of the plant. It is 
only by the continued activity of the cambium in producing new xyiein and 
phloem that such plants can maintain their existence, since the function- 
ing life of a given portion of these tissues is comparatively short, f Cam- 
bium of this sort is never used up in the sense that all its cells mature 
to form vascular tissue. In leaves, inflorescences, and other deciduous 
parts, however, the functional life of the cambium is of sliort duration, in 
leaves possibly for a few days only in some cases, and in peduncles at the 
most for a few weeks. In these cases the cambium does not die ]>ut all 
cells mature to form vascular tisvsue,, so that a haver of initials ceases to 
exist. Under such conditions the secondary xylem abuts directly upon 
the secondary phloem in the vascular bundle. In the annual stems of 
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perennial plants and in the stems of herbaceous annuals generalljj the 
cambium is also of this latter t3^pe; in that it is functionally active for a 
short time only and all cells mature into vascular tissues. In some of 
the specialized dicotyledonous herbs which have small, isolated vascular 
bundles or very thin vascular C3dinders, very little secondary growth takes 
place. Some such forms lack secondary growth altogether or show so 
little that it is difficult to determine whether or not a true cambium is 
ever formed, since the last-formed metaxylem cells m.ay be arranged in 
even, more or less radial rows simulating secondary xylem. 

Effect of Cambial Activity upon the Primary Body. — Since the cam-, 
biiim arises between the primary xylem and primary phloem, a part of 
the primary body is enclosed by the newly formed tissues. This inner 
part, the pith and primary xylem, is completely shut off from the outer 
parts. It persists within the cloak of secondary tissues unchanged except 
for the ultimate disappearance of cell contents, and for certain chemical 
changes accompanying the death of pith and wood parenchyma cells. 
The pith is not crushed by secondary growth except in a few plants of 
anomalous structure, such as AristolocMa; nor is the primary xylem skele- 
ton distorted as the stem becomes older. In man}^ herbs the pith 
is destro3"ed by elongation of the axis and by the rapid expansion of the 
tissues outside the pith as the pith is maturing or shortly thereafter 
(Chap. IV). This, however, is not the result of secondary growth, and, 
in fact, usually takes place before secondary growth begins. The 
entire original primary body lying within the position first occupied by 
the cambium is to be found in the oldest stems and roots, structural^ 
perfect as in the axis before secondary growth began. Thus the vascular 
skeleton, pith, gaps, and inner parts of leaf traces of the seedling tree 
are still present in the base of the old tree trunk. 

The primary tissues l^dng outside the cambium — the primary phloem, 
the peric3"cle, the endodermis, the cortex, and the epidermis — are, on 
the other hand, pushed outward b^’” the development of seeondaiy tissues. 
Since the increase in circumference to which these tissues must be accom- 
modated quickly surpasses the extent to which plasticity, or the slow 
primary growth which may still be going on, enables accommodation, 
these tissues are commoiil^r either ruptured or crushed. The primary 
phloem in most plants is quickly affected, its cells being flattened and 
crushed. It may thus appear as a disorganized band of crushed tissue 
as seen in transverse sections of young stems and roots. Often it dis- 
appears earhq the crushed cells being absorbed so that no traces of the 
tissue remain. The endodermis likewise is ruptured and lost soon 
after seeondaiy growth begins. The pericycle and cortex, owing to their 
somewhat firmer structure, and frequently also to their partial accom- 
modation slow primary growth to the diameter increase caused by 
secondary growth, persist in many cases for a longer time. In most 
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plants with well-developed perennial seeondar.y frrowlh, Iniwe^'er, thene 
outer parts are sooner or'later c;nished,, or in’okcei tiiid killed by 

exposure to drying and by other types of iiijuryy; and es])e(aa,lty by the 
sluittirig off of food and water supplies by cork ia\'(irs which, develop 
within them (Chap. IX). * The dotul parts an* sooii slceaglied off ])y decay 
or by abscission, and, after a variable interval, .i‘Mnging from a., .few weeks 
to several or many 3 ^ears in different species, the outer p,!‘imary body 
disappears. Thus, secondaiy groAvth p.reserves inta(‘t the inner section 
of the primary body, but is responsible for the eo’Tipfcde dost nudioii of 
t.lie outer portion. Exceptions to the loss of the entire outer ])m‘t of the 
primary body occur in a few woody pla.iits tvhere the cortex persists for 
many years through the capacity of its parenc'hyjua for slow" primaiv 
growddi. Such slow and long-continued growtli of primaiy tissues 
obtains in the epidermis of some tvoody twigs; in the cortex and perieycle 
of the same and of similar plants; and in a few plants more or less through- 
out the stem, as in the trunks of some palms which lack secondary growth. 

Outer primaiy tissues persisting iinchanged after marked secondary 
growth has taken place are, of course, most conspicmous in herbaceous 
plants. In these forms the overlapping, in time of formation and in 
position in the axis, of primary and secondaiy growtli is ])robably greater 
than in w'oody forms. Thus the outer tissues liecorne accommodated 
to the increase in diameter due to secondary growth with a lesser degree 
of distortion than in typical woody plants. Often, however, as the stem 
becomes old, though the epidermis is not ruptured, the softer cells of 
the cortex, jiericyele, anti phloem become inu(di compressed radially, 
as in Askr, Linum^ Cannabis^ and many similar lierbs "with tliiek, woody 
cylinders. 

The Relation of Secondary Growth to Leaf Traces.'-- At nodes the 
projection of leaf traces makes the stem structure complex. With the 
increase in thickness of secondary xylem the bases of the leaf traces 
(those parts within the cambiiirn cydimler) are buried; and since the 
eambiam lies always between the xylem and the phloem (Fig. 65, A), the 
formation of new xylem causes the outwxird move.mcnt of all phloem 
as well as of the cambium itself, not only on the axis, but also on the i 

trace (Fig. 65, B), Thus because of the place of origin of the cambium, 
secondary growth buries the proximal parts of the leaf traces; the inner- ; 
most part, lying in the primary xylem, is without phloem and is buried 
without change; -from the adjacent part the phloem is stripped away 
and pushed outward, and only the xylem of the trace is embedded in the 
secondary xylem of the stem (Figs. 65, 66). The length of the buried 
part depends largely upon the angle at which the trace departs. 

Only short pieces of the trace lying outside the original position of 
the cambium are buried, however, since continued secondary growth, 
in forcing outward the cortex and phloem, in which the outer parts lie j 
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embedded, breaks the trace in two, the distal part of the strand being 
torn away and carried outward with the tissues in which it lies. Rupture 
is due to the outward thrust of secondary growth laterally upon the trace 
(Fig. 67, A; B,C, D). However, this rupture does not occur until some- 
time after the leaf has fallen, commonly the first or second growing season 
thereafter. The secondary xylem of the first year embeds the inner part 
of the trace without injuring it, the phloem being pushed outward but not 



Fig. 65.*— Diagrams showing the burial of leaf-trace bases by secondary growth. A, 
B, longitudinal sections: .^4, before the beginning of secondary growthii^.S, after considerable 
secondary growth: the gap is partly closed and the phloem has been jfushed away from the 
base of the trace, only the xjdem being buried. C, I>, faee views of the surface of,the vascu- 
lar cylinder, the trace cut away at the surface level;. C, stage shown in A; D, stage shown in 
B, the gap partly closed and the base of the trace buried. EyF, cross sections at levels a-a 
and 6-6 in A. G, H, Z, cross sections at levels c-c, <Z-d, and e-c in B, /, cross section below 
a node, showing departure of five traces, the bases buried in varying degrees. (Primary 
xylem is lightly cross-hatched; secondary, heavily. Primary phloem is finely stippled; 
secondary, coarsely. The xylem of the leaf trace is not differentiated in kind; its downward 
continuation is doubly cross-hatched.) 

broken. The time of rupture of the trace — its elements dead and non- 
functioning after the fall of the leaf — depends upon a number of factors : 
the rate of ^secondary growth^ the size and cross-sectional shape of the 
trace; and especially the- angle at which the trace departs (Fig. 67; 
B; FJ; F). The more nearly the course of the trace approaches a right 
angle with the stem (Fig. 67, E) the longer the period before rupture; 
since the surrounding tissues are stripped away and the xylem st.rand 
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buried. 'Where the trace passes upward vertically through the corte.\, 
it is quickly broken, owing to the lateral exposure of a long outer part of 
the trace to the outward thrust of secondaiy growth (Fig. 67, F). Large 
traces are broken later than small ones, and those crescent-shaped or 



Fig. 66. — Cross sections at successive levels of the nodal rejiiiioii of a one-year-old twig 
Pyrus Malm. A, the lateral leaf traces have X->a«sod into the cortex and their gaps are 
closed. jS, the median trace has passed into the cortex, leaving the ga,]; oi.)en ; the dark- 
staining, meristematic branch traces (supplying the bud) are arising from the sides of the 
gap. C, the three leaf traces well out in the cortex; the branch traces have united, the 
gap is evident. £>, the leaf traces entering the base of the petiole; the branch traces have 
formed a nearly complete vascular cylinder. 

horseshoe-shaped in cross section later than strap-shaped ones. The 
inner and outer parts of leaf traces are thus separated (Fig. 67, fr); 
the outer part is ultimately lost with the destruction of the cortex, whereas 
the inner is preserved indefinitely, embedded in the xylem. 
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In evergreen leaves the traces are extended by a type of secondary 
growth which increases them in length by additions of new tissue in the 
middle. The primary xylem of the trace is ruptured, gradually, and in 



Fig. 67. — Diagrams illustrating the rupture of the leaf trace in deciduous plants. ..4, 
longitudinal section of node at end of first season’s growth; the gap has been closed and the 
base of the trace buried in secondary xylem. C, D, stages in the condition of the trace 
(other parts omitted) during the following season: B, the trace unchanged; C, the trace 
stretched and bent; D, the trace broken in two, the outer part carried outward. The 
dotted lines represent the position of the cambium, F, form of trace which ruptures very 
slowly. F, form which ruptures quickly, G, longitudin.al section of node at end of second 
season, the trace ends separated by secondary xylem and phloem. (Shading as in Fig. 65.) 



Fig. 6S. — Diagrams showing the extension of the trace in evergreen leaves. A, the 
condition at the end of the first season; at the end of the fifth season (the parts outside 
the cambium omitted). In B, the iirimary parts of the trace (in solid black) are separated 
by a central, secondary part (in alternate black and white) ; this part is ruptured, like the 
primary, but the breaking is continuous, the trace being built up anew, obliquely, by an 
“armpit” section of the cambium, an extention along the under side of the trace at the 
point of its contact with the secondary xylem. (Shading as in Fig. 65. See text for 
further description.) 

an oblique direction, new cells to replace those destroyed being added 
meanwhile by the cambium of the “armpit” region (Fig. 68). As long 
as the leaf persists, the upper older xylem cells of the trace are continu- 
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oiisly broken and new cells' are added below. The gap 'is often not quite 
closedj but remains open until the trace is broken. . Tiius^, where the 
leaves are , long-persistent; as in Araiicaria, the trace may become very 
long and be evident in secondary wood in annual rings far from the 
center nf the tree. After an evergreen leaf dies there is complete rup-’: 
,ture of the, trace; as with deciduous leaves. Normally; the riiptured. 
■end of leaf traces, both in deciduous and in evergreen plants, is quickly 
covered by typical cambium cells and there is soon no evidence in the 
secondary xylem of the position of the trace; but in Agatkis and Arau- 
caria the trace cambium continues to form the trace after the leaf has 
fallen and secondary wood always shows buried leaf traces. 

Branch traces are buried in the same way as are leaf traces. They a.re, 
of course, not ruptured. The embedding of branch bases is further 
discussed later in the chapter. 

The Relation of Secondary Growth to Leaf and Branch Gaps.— Leaf 
gaps are closed by the gradual lateral extension of the cambium, the new 
rheristematic cells arising apparent!}^ out of the parenchyma cells of the 


gap. The size and the shape of the gap determine in part the length of 
time before the gap is closed, wide gaps being closed more slowly than 
long narrow ones. In most angiosperrns leaf gaps are closed in the first 
season (Figs. 65, 67). Branch gaps, being often large, are closed more 
slowly than leaf gaps; some branch gaps remain open until the second to 
fourth years, 

/^unction of the Cambium. — Meristerns which form secondary tissues 
are commonly looked upon as uniseriate rows of initials which form new 
cells usually on both sides. Thus the cambium forms xylem internally 
and phloem externally. The tangential division of the cambium cell 
forms two apparently identical daughter cells (Fig. 69, i9), one of which 
remains a meristematic cell, the persistent cambial cell; the other becomes 
a xylem mother cell or a phloem mother cell (Fig. 69, C), depending upon its 
position internal or external to the initial. The cambium cell continues 
to divide in a similar way, one daughter cell in each case remaining a 
cambium cell, the other becoming either a xylem or a phloem mother 
cell. The sequence of xylem and phloem formation during this process, 
if there be any uniform sequence, is not known. It is probable that there 
is no definite alternation, and it is possible that brief periods of continu- 
ous development of one kind of tissue occur. Adjacent cambium cells 
divide more or less simultaneously to form a tangential row of xylem or of 
phloem cells. Thus, the row of initials maintains its tangential continu- 
ity. In the formation of xylem cells the enlargement of the developing 
cells causes the outward movement of the cambium and of all cells lying 
outside of this layer. This, of course, increases the diameter of the 
cambium cylinder. The maturing of phloem cells causes the outw’’ard 
movement only of the phloem, cells and of cells external to these; the 


,!■ 






ORIGIN ANT) DEVELOPMENT OP THE SECONDARY BODY 141 


if 



position of the (iiiinhiuni is unchanged by phlot'in formation. The 
activity of the camliiiim, then, causes this meristcm to move outward 
each season to the extent of the thickness of the mature xylem formed in 
that season. 

In plants in which the cambium derivatives are in definite radial rows, 
a condition found in the gymnosperms and in many angiosperms, it is 
possible to trace the activities of a given initial throughout the growth of a 
season. In plants with more specialized xylem and phloem, however, 
including most of the angiosperms, the elements formed are so diverse in 
size and shape and gliding growth is so pronounced that, except in the 
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Fig, 69. — Diagrams illustrating the formation of xylem and phloem by the cambium, 
and the changes in position of the phloem and the cambium brought about by this activity. 
A, the cambium. B, the cambium cells divided, each forming two daughter cells. C, 
one daughter cell enlarged and matured as a phloem cell the other .enlarged to cam- 
bium-cell size, remaining a meristem cell (c) ; no change in the position of the cambium 
occurs. D, the cambium cells have divided again, the inner daughter cell in this case 
liaving matured as a xylem cell (z^) , the outer becoming the cambium cell (c) ; the cambium 
and the phloem have been moved outward the width of the xylem cell. E-H, further divi- 
sions occur, resulting in the formation of one more phloem cell and three more xylem cells. 
(The xylem and phloem cells are here represented as maturing before the formation of the 
next cell, whereas a number of cells are normally pres: nt in an immature condition.) 

vascular rays, uniform radial arrangement is often not clear. By study- 
ing the xylem and phloem of the former type, or the vascular rays in the 
latter, the .ratio of the number of xylem cells to phloem cells formed by 
the cambium in a given season can bp approximately determined. In 
some cases this ratio is three or four xylem cells to every phloem cell. 
However, this ratio doubtless varies widely in different types of plants 
and under different environmental conditions. It can only be said that, 
in general, several times as many xylem cells are formed each season as 
phloem cells. This is essentially true of both woody and herbaceous 
plants. 
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The Cambium as a Uniseriate Layer. — There trxisf; two generai eon- 
ceptioiLS of the cainlhum as an initiating layer: one, tJiat it {‘onsists of a 
single row of permanent initiating cells, all cells cut olY from which— 
though they may divide a few times — soon he(*onu3 transformed into 
permanent tissue; the other, that there are S(wxu-al rows of initiating 
cells, forming a cambium ^‘zone,'’ some of tlie individual i*ows of which 
persist as cell-forming layers at least for some little time, giving rise to 
more than a very few tangential rows of cells. Because cells mature 
continuously during growing periods on both sides of the e:iiul)ium, it 
is obvious that only a single layer of cells can htive permanent existence 
as a cambium (unless there are individual layers for xylem and phloem). 
Other layers, if present, function only temporarily and i>ceome completely 
transformed sooner or later into permanent cells. The (luestion involved 
is apparently how many times a x^dem or a phloem motlier cell and its 
derivatives may divide; this is difficult to ascertain and seems not to 
be known. Divisions appear to take place more freely in phloem initials 
than in xylem initials. (Divisions occurring in a transverse plane, such 
as those resulting in the formation of wood parenchyma and phloem 
parench 3 ’'ma are not here considered.) It sterns that phloem and 
xjdem mother cells may not divide, or may divide a few tiiiies. Perhaps 
under certain conditions, especially that of very rapid growth, there 
may be more divisions than under other conditions. The confusion as 
to the existence of a number of ro%vs of actual cambial cells ivS doubtless 
due in part to differences in definition of’ the term “cambiumP' The 
cambium is commonly looked upon as the initiating layer, but the term 
is, unfortunately, often loosely applied to the entire differentiating, 
immature region between mature xylem and mature phloem (Fig. 73), 
This often leads to the conception that the cambium (in the stricter 
sense) is a multiseriate layer. Though the term was first applied to a 
wide layer of differentiating substance, believed to be at least in part 
wuthout cellular structure, best usage now applies the term not to the 
' entire region, but only to the initiating layer. It is apparent that there 
is, in most plants at least, but one/ow of permanently meristematie ceils. 

Cell Types in the Cambium. — Cambium cells, in general, are of two 
fundamentally different types: one, the vascular-ray initials, which mb 
more or less isodiametric and give rise to the vascular rays; the other, the 
elongate, tapering cells which divide to form tracheids, vessels, sieve 
tubes, and the other vertically elongated elements, in fact, all cells of the 
vertical system (Figs. 70, 71). The vascular ray initials show little varia- 
tion in cell shape ; the number concerned with the formation of any given 
ray is few or many, dependent upon the size of the ixay, which varies 
greatly in different species and frequently in the same species. The 
other class of cells is uniform in shape as §een in cross section, but shows 
great differences in the ppportibnal relation between length and width as 
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seen in tangential section. Thus, in woody plants with relatively 
short cambium cells, as, for example, Robinia (Fig. 70, C, D) and Ulmiis 
(Fig. 71, JS), the length may be from five, to ten times the width. In 
other plants, such as Pyrus (Fig. 71, A), Juglans (Fig. 71, C), and other 
types in which the vascular tissues are relatively unspecialized, the ratio 
of length to width as seen in tangential section may be twenty-five to one, 
or even greater. The gymnosperms show an extreme condition in which 
this ratio may be anywhere from fifty to one to one hundred or more to 
one, dependent upon the species, the age of the plant, and other factors. 
Herbaceous plants, as a class, do not show great variation in the shape of 
the cambium cells, the common type being that with the shorter initials. 
Cambium with short intials is clearly the most specialized type, phylo- 
genetically the most recent. 

Size of Cambial Cells. — The actual size of the individual elements of 
the cambium varies through wide limits. In the specialized woody dicoty- 
ledons, such as Robinia^ the elongate cambium cells of the mature plant 
are about 175 microns in length. by 20 microns in tangential width by 7 
microns in radial width. In Juglans and Liriodendron, which have longer 
initials, the actual size is about 600 by 25 by 8 microns. The gymno- 
sperms show the extremes of larger size. In Finns Strobusj for example, 
the dimensions of 4000 by 42 by 12 microns have been given; a maximum 
length of 5000 microns is reported in Larix, The size of the ray initials 
is fairly uniform, the tangential diameter generally being about the 
same as or a little less than that of the adjatelt ‘fusiform initials. It has 
recently been shown that, in some groups of plants at least, the length of 
the fusiform initials increases wdth the age of the plant. Thus, in the 
gymnosperms the length may increase from 1 to nearly 4 mm. during the 
first sixty years, after 'which it remains constant. In the dicotyledons 
this increase is much less, being, in iznspecialized woody plants, such as 
Juglans j only from 0.8 to 1.2 mm. during the first thirty ypars. In 
highly specialized types, such as Robinia^ this increase may be only 
from about 0.145 to 0.175 mm. before the maximum is reached. The 
size of the cambium cells varies to some extent in the same plant, depend- 
ent on position relative to branches, buds, or wound tissue, and also with 
difierent ecological factors. In crotch angles extreme variation in size 
and distortion in shape occur. Curly-grained woods are due to abnormal- 
ities in the arrangement of the cambium cells or in the form of the 
cambium, cylinder. Spiral grain also is related to the structure of 
the cambium. ' 

In some woody plants, such as Robinia (Fig. 70, C, D) and Diospyros, 
the fusiform cambium cells, as seen in tangential section, are in more or 
less definite horizontal row^s. This stratified arrangement is correlated 
with short-length initials and wdth the formation of highly specialized 
vessels. It is responsible for a similar stratified condition of the cells of 
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the xyleni and phloem. Some genera, for example, Fraxinus and Ulmm 
(Fig. 71, B), have short cambial initials which are not stratified. This 
condition is apparently intermediate between the stratified type and the 
extreme non-stratified type with long narrow initials, such as is found in 
Juglaris (Fig. 71, C), Salix, Populus, Pyriis (Fig. 71, /I), etc. The gym- 
nosperms have cambium of the non-stratified type. IIei'l>a.ceous plants 
with well-developed secondary growth, as, for example, Solatium (potato, 
tomato, etc.), have short initials that are non-stratified. The prevalent 
idea that cambial initials are usually brick-shaped is clearly without 
foundation; it is based upon the study of transverse and radial sections 
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alone. 

Structure of Cambial Cells. — As in other meristeinatic tissues, the 
protoplast of the cambium initials consists of tionse prolfiplasm without 
evident vacuoles or stored food. The single nucleus in each cell is 
well developed, distinct, usiuvlly elongate, except in ray initials, and may 
have several nucleoli. The apparently multinucleatc condition seen in 
tangential sections of the resting cambium is due to the fact that the 
tangential walls of the radially narrow cells are very thin and transparent, 
so that the contents of several cells may be seen more or less clearly at 
the same time. These tangential “walls are at all times without definite 
pits. The radial walls of the cambium cells, on the other hand, are much 
thicker and, while the cambium is dormant, show abundant pit-like thin 
spots (Figs. 70, Bj C; 71, A, B; 91, C). 

Cell Division in the Cambium. — Division of the cambial initials must 
provide, of course, both for the formation of new xylem and phloem cells 
radially on either side, and also in large part for the increase in the cir- 
cumference of the cambium cylinder itself. The former is accomplished 
by the tangential division of the cambium initials, and by the subsequent 
division of the xylem and phloem mother cells; the latter, by typical 
radial division of the cambial initials in some cases; by transverse division 
or by oblique radial division followed by increase in size and gliding growth 
in others; and in part by the increase in the tangential dimension of the 
initials as the plant grows older. Increase in the number of vascular rays 
is also an important factor contributing to the increase of the cambium 
cylinder in circumference. Vascular-ray initials are probably formed 
from fusiform initials by transverse division of the entire cambium cell, 
or in some cases of part of the cambium cell only. Longitudinal divisions 
also occur when the new ray is biseriate or multiseriate. In the forma- 
tion of very broad and very high rays it is probable that more than one 
fusiform initial takes part. >The increase in the extent of the cambium 
in a given plant is doubtless due to a combination of the various methods. 

Radial division of the cambial initials (Fig. 72, E) seems to be char- 
acteristic of those plants which have sho.rt, stratified cambium cells and 
in which the derived vascular tissues are of the highly specialized type, 
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for example, some of the Leguminosae. In plants with longeivnon- 
stratified initials there exist all transitional conditions in respect to the 
position of the newly formed wall or cell plate, from the transverse plane 
to the radial-longitudinal plane (Fig. 72, A, C). There is evidence to 
show that in evolutionary specialization the new cell wall tends to approach 
the radial position as the initials become shortened and approach the 
stratified condition. 
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Fig. 72. — Diagrams illustrating the method of increase in girth of cambium. A, 
fusiform initial dividing pseudo transversely; a, a, products of this division which elongate 
and slide by one another as they mature (two stages). B, C, D, three kinds of initials, 
showing types of “radial" (antlclinai) division; B, C, showing two and three types, respec- 
tively; D, one type. E, short initial: e, e, the products of radial division of £?, which 
enlarge laterally but not longitudinally. (After Bailey,) 


Mitosis in the Cambium , — Recent work on the cambium indicates that 
mitosis in this tissue involves several unusual phenomena. These are 
related undoubtedly to the great length of the fusiform initials as com- 
pared with their width and are connected with the formation of the cell 
plate and the division of the cytoplasm. Thus, in the tangential division 
of the long initials of Pinus Strobus the cell plate, in normal cases, is first 
formed on the spindle fibers between the daughter nuclei after mitosis. 
This cell plate quickly reaches to the radial walls of the mother cell in 
the central region, and then extends longitudinally toward its extremities. 
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After tlie formatioii of the cell plate near the nuclei the spindle fibers 
disappear in that region and further cell-plate formation is carried on 
toward the extremities of the cell by new groups of spindle fibers (''kino- 
plasmosomes”)? apparently formed from the cytoplasm. As seen in 
tangential sections of the cambium, these new fibers appear as a "halo'' 
about the edges of the expanding ceH plate. Thus in 
these long cells the entire cell plate is not formed simul- 
taneously, and hence the mother ceU is not completely 
divided into daughter cells at once; the formation of 
the young wall, dividing the mother cell, is gradual, 
arising near the center of the cell and extending slowly to 



its ends. 

Gliding Growth of Cambial Cells and of Cambial 
Derivatives. — ^According to present views of cambial 
activity, a very considerable amount of gliding growth 
is necessary in order that the increase in length of the 
cambial derivatives be accommodated, and to permit of 
the general adjustment of cells necessary for the form- 
ation of mature xylem and phloem of such a wide 
diversity of elements as is found in many plants. Also, 
gliding growth must occur in the cambial cells them- 
selves as the girth is increased. Thus, where a fusiform 
cambial initial divides transversely, or nearly so, as is 
frequently the case, it is necessary for the ends of the 
daughter cells to slide by each other, and by other cells, 
in order that they may attain their normal size and elon- 
gate, tapering shape (Figs. 72, A, 5, C; 73).^ In some 
woody plants a part of the cambial derivatives, for 
example, the wood fibers, may be four or five times the 
length of the cambial initials from which they were 
formed; such increase in length can be obtained only 
by gliding growth. (Fig. 74). In cases where^. adjust- 
ment takes place in a tran^sverse direction only, as in the 
formation of the large, specialized vessels in Robinia^ 


A I 1 



Fig. 74. — Cam- 
bium cell and wood 
fiber (two types) 
derived therefrom 
in Rohinia Pseudo’- 


Castanea^ etc., the assumption of gliding growth is not l^^^^^scaie 
necessary, as it is entirely possible for all adjustments to elongation of the 
take place by cell division and growth, and by spatial <^eveiopmg fiber 

. makes necessary 

movement in the zone of plastic cells next the cambium, the gliding of the 
without the sliding of walls by each other. Gliding between cells 
growth, may of course, occur here also. see also Fig. 76, A. 

. The exact nature of gliding growth is not well under- 
stood. The extension of a cell between two other cells, as must occur in the 
developing xylem of such plants as necessarily involves the splitting 

apart of the two cells along the middle line and the consequent rupture of 
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existing pltismodesma (if such are present at this stage of development). 
It must be borne in mind, however, that such splitting is probably not 
due to mechanical pressure but to something akin to enzyme action or to 
a growth process. The walls of all cells concerned Avith gliding growth 
are still in a very plastic condition, and probably at the time enlargement 
takes place are still largely protoplasmic in nature. Judging from the 
fact that half-pits in one cell which do not connect with pits in adjacent 
cells are never found, it seems certain that pits are not differentiated at 
the time gliding growth takes place. (Pits in thick-walled cells are 
structural features largely of the secondary wall, and the latter does not 
develop until full cell size is attained.) The apparent results of gliding 
growth could be accomplished if it is assumed that growth in the extend- 
ing cells takes place at the tips only. By the dissolution of the middle 
lamellae of the cells on either side by enzyme action, the growing cell 
could extend between them, laying down new sections of wall upon 
-adjacent walls as its tip progresses. Pit formation could then take place 
as the secondary wall forms, and plasmodesma connections be reestab- 


lished. The latter would then be secondarily formed, a condition 



perhaps not impossible when the wall is thin and possibly protoplasmic. 
Such an hypothesis would provide for gliding growth without the neces- 
sity of the actual sliding of two walls over each other. 

The Ontogeny of Secondary Vascular Tissues. — The xylem mother 
cells cut off from the cambium may develop into permanent xylem ele- 
ments without further division, or, as is frequently the case, may divide 
once or several times before mature tissue is formed. In simple gymno- 
sperm wood all derivatives from fusiform cambial cells become tracheids 
and are essentially alike except for the differences between spring and 
summer wood. In wood of this type the tracheids are formed directly 
from the xylem mother cells by elongation, the thickening of the wall and 
its differentiation to form pits, and the loss of the protoplast. In such 
eases the mother cell may or may not divide before maturing. In 
gymnosperms with wood parenchyma, however, and in ail plants con- 
taining vessels the xylem mother cells differentiate into two or more 
cell types, such as tracheids, wood parenchyma, vessels, and wood fibers. 
Wood parenchyma cells are formed by the transverse division of the 
mother cell into a number of segments (Fig. 73), and by the subsequent 
radial enlargement and the thickening of the walls of these segments. 
The transverse dimions occur in a vertical row of mother cells, so that 
the resulting parenchyma cells form a vertical series extending for 
some distance in the axis. In some cases the vertical series of deriva- 
tives of a single xylem mother cell retain the prosenchymatous shape of 
that cell so that the series from a single initial can be readily recognized 
in the mature tissue, ^he a^angement of wood parenchyma and its 
relation to other cells are discussed in Chap. VII. 
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The Ontogeny of the Vessel.— Vessels are formed from vertical series 
of xylem mother cells which have been cut off from the cambium initials. 
Each mother cell becomes a vessel segment by the perforation of its end 
walls as it matures. In the process of differentiation, the transverse 
diameter of the mother cell is rapidly increased to th e full size of the mature 
vessel (Fig. 75, il. B, ( 7 ) ; and no increase in length occurs. At this stage 
the vessel appears in longitudinal section as a series of very large cells one 


Fig. 7o. — The ontogeny of the vessel segment in Rdbinia Pseudo- Aaacia. si, the cam- 
bium initial. B, the ceil much enlarged. C, the cell still further enlarged, the secondary 
wall well developed, even on the areas later to be removed, and the pits present. D, the 
cytoplasm, restricted to the periphery; the nucleus adjacent to the wall where dissolution is 
occurring; the secondary wall removed from the pore areas. B, the cytoplasm lost, the very 
thin end walls disintegrating. F, the mature, perforated, empty cell. 


above the other separated by definite end walls which may even have 
more or less well-developed secondary thickening (Fig. 75, C). Proto- 
plasm and nuclei are still present, though apparently confined to the 
periphery of the cell. Thus, the vessel segments reach their full size and 
permanent shape with the walls still unperforated. In Robinia, the 
nucleus of the vessel segment occupies a median position upon the end wall 
at the stage prior to the dissolution of the wall (Fig. 75, D). This sug- 
gests the possibility that the nucleus may be intimately concerned with 
the formation of the vessel pores. The shape of the vessel segments 
varies greatly, of course, according to the length of the original cambial 
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initials and the diameter of the mature vessels. In the wood of Pupulus 
and in similar woods, the vessel segments arc ('longatcfl and relatively 
narrow with oblique end walls. In Quercm and Hohinia the ve.s.sel seg- 
ments may be broader than high with end wail.s i:ran.s\-(‘rse ft'hap. IV). 
In both cases openings are formed through the end walls by the dissolution 
and al)sorption of the end wall itself in one or moi'(' places. In the 
formation of porous vessels of the highly .specialized tyj)e, tlie central 
part of the end wall disappears, leaving a narrow rim, or the entire wall 
may be aijsorbed. Thus a wide, continuous tube is formed in which the 




Fig', 76. — Th(3 ontogeny of secondary vascular lissue in Hohiiua. -1, early stages in 
xyiem formation, c, the cambium. The median portion (m) of the figure shows the region 
of adjustment to gliding growth, chiefly the result of cell elongation; and of adjustment to 
vessel development, involving tangential and radial enlargement. The tips of elongating 
eells appear between the radial rows of cells, increase in siice, and crowd the cells from 
symmetrical arrangement. The great enlargement of vessel segnumts crowds the sur- 
rounding cells from position, flattening and otherwise distorting thmn; th(‘ rays often are 
turned at right angles to their course, r, a ve,ssoi nearly matur(‘, as are surrounding cells. 
B, stages in phloem development to mature tissue. Tin* eoinpanion cells appear early; 
they and the sieve tubes later enlarge greatly, c, the eambium; .s/, tube. 

vessel segments are to be distinguished only by the vestiges of the end 
wall which extend a greater or less distance into the lumen. In some 
herbaceous types where no traces of the end walls of the vessel segments 
are left, the segments can be recognized by the bretik in the (continuity 
of the secondary sidewall which occurs between segimmts, and usually 
by the somewhat greater transverse diameter of the segments at the 
middle than at the ends. In scalariform vessels with oblifiue (md walls 
there may be several openings in an eiul wall, so that the connection 
between vessel segments is somewhat restricted by the scalariform bais. 
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At about the tiuie tin* openings are made througli i lie end wails tlu^ side 
walls become lignitied, and during this process the protrjplast disappcvnrs. 

The enormous increase in the size of the vessel segments as eom|)are<l 
with the size of the cambium initials from which they arc derived, p!‘ 0 « 
duces much distortion in the surrounding elements. The cells immedi- 
ately adjacent to the vessels are frequently much flattened and those farther 
away crowded out of their original positions. Such adjustment takes 
place close to the cambium wdiile all cells are very plastic (Fig. 76, /I). 
The movement which occurs as a result of the cro'wding by the vessel 
may be likened to movement within a mass of soap bubbles, in w-hich 
the position and the shape of the bubbles change but no bubbles are 
broken. In plants with wood fibers that are much longer than the 
cambium initials, the elongation of the fibers with the consequent 
gliding growth takes place at the same time as that in which the adjust- 
ment to the increase in vessel size is going on. 

In many highly specialized woods, for example, Rohinia^ the vessel 
is the first element of a given region to become lignified. It and the 
immediately adjacent cells may show apparently complete lignification 
when the other elements for some distance toward the pith still show 
cellulose walls. In general, there is no definite order followed in the 
maturing of the cambial derivatives either as to their position relative 
to the cambium or as 4o the types of cells involved. 

The maturation of the gymnosperm and angiosperm tracheid and the 
wood fiber are processes essentially similar to those occurring in the 
development of the vessel segment. Each differentiates from a xylem 
mother cell, attains mature size and shape, and then develops a lignified 
secondary wall. During the last step the protoplast disappears. There 
is, of course, great variation in the shape and proportions of all these 
elements in different species, and in the thickness and the pitting of their 
walls. 

The Ontogeny of the Phloem Elements. — The development from the 
cambium of the dift'erent types of cells characteristic of secondary phloem 
is not thoroughly understood. The scanty evidence available indicates 
that the process of differentiation in the phloem is comparable with that 
in the xylem. Phloem mother cells are cut off from the cambium 
initials. These may divide again or may develop directly into the 
mature elements. In general, there is apparently more frequent division 
of phloem mother cells than of xylem mother cells. In the formation of 
phloem parenchyma the phloem mother cell divides transversely one or 
more times to form a vertical series (Figs. 71, C, D) 73). These divisions 
take place very close to the cambium, at least in woody plants, and the 
series from a given mother cell retains its identity more frequently than 
is the case wdth xylem parenchyma. In phloem parenchyma, subsequent 
differentiation in shape, size, and nature of the wall is very diverse. 
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111 tlie angiospemis a sieve-tube elemeiit aiicl ' its ca:)riipa!iioii .cells are 
formed from, the same phloem mother cell l>v diio'sion in the early stages 
of differentiation. In some woody plants, ami prol)aljly general^, the 
(companion cell is cut off from the corner of tiio ])liioeni juotlier cell 
before or as it increases appreciabty in size as compared with tlio carnbial 
initial (Fig. 70 , B), The sieve tul)e and its companiou coll enlarge in 
about the same relative proportion, the companion cell usually maintain- 
ing its position in the corner^’ of the sieve tul)G, as it vere. Herbaceous 
types and some woody forms are exceptional in tins respect, however, 
in that the mature companion cell does not appear to be closely associated 
in position with the particular sieve tube to which it is ontogenetically 
related. The protoplast of the companion cell remains dense, without 
prominent vacuoles, and retains a w^ell-developed nucleus. In the sieve 
tube, on the otlier hand, as the element enlarges, the protoplasm becomes 
restricted to the periphery of the cell, leaving a large central vacuole. 
This peripheral layer of cytoplasm persists for a considerable length of 
time, but the nucleus disappears just Ixd’ore or just as the cell reaches full 
size and shape. Whether the period of persistence of the nucleus cor- 
responds with that of the functioning of the sieve tulie has been ques- 
tioned, It is generally believed that sieve tubes function for some time 
after the apparent disappearance of the nucleus (it has been suggested 
that the nucleus is perhaps still present in a diffused or fragmented condi- 
tion). Certainly, the cytoplasm is present in normal condition during this 
time, and crushing of the cells does not occur immediately; also, it is 
unlikely that the period before full size is attained is the functioning period 
of such cells. 

The development of the perforations of the sieve plate has been 
studied in considerable detail. In its early stages the sieve plate is a 
cellulose plate traversed by plasmodesma strands. These strands enlarge 
and at the same time the size of the perforations through which they pass 
is increased by dissolution of the surrounding wall. In plants with large 
sieve pores, as, for example, most of the angiosperms, several of the 
plasmodesma strands may fuse, by removal of the separating portions of 
the wall, to form a protoplasmic rod extending through the pore. A large 
pore of this type therefore represents morphologically a sieve field. In 
the mature element, this protoplasmic rod becomes perforated through 
the center by an extension of the central vacuole. Thus, the sieve pore 
becomes an opening between the two adjacent elements and is lined with 
a protoplasmic sheath continuous with the cytoplasm of the elements on 
both sides and through which the vacuoles are united. Hence, as is seen 
in many cases, slime plugs (Chap. VIII) may extend through the open- 
ings. The formation, of the sieve pores in the gymnosperms is very 
similar to tha|j^ in. the. a^giosper3i)iS> the chief difference being that in the 
former the poles are much smalles* and the strands passing through them 
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represent individual plasmodesma. Here each sieve field has many 
perforations. 

Just as an angiospenn vessel is formed from a series of xylem mother 
cells, so a sieve tube with its companion cells is developed from a vertical 
series of phloem mother cells, each mother cell forming a sieve-tube seg- 
ment. In the gymnosperms, inasmuch as the sieve tubes are not joined 
in vertical series, and companion cells are wanting, the sieve-tube cells 
are formed directly from the phloem mother cells. The sieve fields in 
these cases are upon the sides of the sieve-tube elements. 

Phloem fibers arise from phloem mo ther c ells in the same way as wood 
fibers are formed from the xylern mother cells. Stone cells in the second- 
ary phloem are usually derived from phloem parenchyma or from phloem 
ray cells, and this change occurs rather late in the existence of the tissue 
concerned. 

The Ontogeny of Vascular Rays. — The formation of xylem and phloem 
rays from the vascular-ray initials takes place by the differentiation of the 
derivative cells of the cambial initials directly into mature elements, prob- 
ably without additional divisions. The whole matter of the develop- 
ment of secondary tissues from the cambium is much in need of further 
critical study. 

The Time of Cambial Activity. — In all plants with perennial axes 
which have an annual dormant period, and especially in the wmody plants 
of the temperate zones, periodicity in the activity of the cambium sets off 
the xylem formed in any one year from that of the previous and the 
following year. Such layers of tissue are called annual rings (Chap. VII), 
since one ring only is formed each year. In the phloem, however, there 
is no similar definitely limited layering formed by such periodicity (Chap. 
VIII). The beginning of division among cambial cells after the winter 
dormant period takes place in early spring — in the notheastern United 
States in April and May — before, during, or after the development of 
the leaves. In evergreen trees it may occur somewhat earlier. There is 
little or no uniformity in the position of first growth in the plant, 
this being often in the central part of the tree, extending thence- 
to ail parts, but cambial growth may also start at the base of the tree or 
even in the twigs. Likewise, of two trees of the same species growing 
side by side, one may possess cambial activity while the other is still dor- 
mant. On bright, sunny days in late winter, carabial activity may be 
started on the southwest side of exposed trunks as a result of absorption 
of heat from the sun by the dark-colored bark. If such conditions are 
followed by a rapid .temperature fall, the active cambium cells are likely 
to be killed, and the type of winter injury known as* ^^sun scald” results. 

There is evidence to show that the cambial derivative cells first to 
mature in the spring are phloem mother cells. Of these, at least a part 
are cells which were cut off from, the cambial initials during' the previous 
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season and have remained over winter in an immature condition. Thus, 
new sieve tubes are formed at a time when the translocation of stored food 
materials is veiy actively going on. From histological evidence, it 
seems probable that in some woody plants all sieve tubes functioning in a 
given season are matured during that season, all sieve tubes matured the 
preceding season ceasing to function permanently in the fall, though they 
may not lose their protoplasts or become crushed until rapid growth 
begins in the spring. The period of most rapid phloem formation may 
come several wrecks after the differentiation of the first phloem elements. 
This period coincides, in general, with that of the most active xylem 
growth. The duration of cambium activity varies with different ages 
of the plant and of the plant parts, with different species, and with environ- 
mental conditions. Generally, after the “flush” of growth in the early 
summer there is a gradual slowing down in the formation of new cells, 
and in the trunk and main branches of some species there is cessation of 
cambial growth by midsummer. Cambial activity continues longest in 
the small rapidly growing twigs or shoots that are late in completing their 
apical growth. In nurseiy trees, growth in diameter may continue until 
late in the fall; in such cases terminal growth also usually continues late. 
Abundant nitrogen and water in the soil are apparently important causal 
factors in such late growth. 

The Burial of Branch Bases, — As successive annual rings of xylem are 
laid down by the cambium, all tissues within the cambium cylinder are 
buried more and more deeply. Thus the bases of branches become 
embedded in the wood of the tree trunk. In a living branch, the buried 
portion has the shape of an inverted cone, because, as new’^ layers of xylem 
are laid down over the branch, the cambium is moved by the increase 
in the diameter of the trunk (Fig. 77) farther and farther away from the 
point of insertion of the branch in the trunk. The buried portion of the 
branch cannot increase further in diameter; hence the inner portions are 
progressively of less and less diameter as the attachment to the primary 
cylinder is approached. At the apex of the cone-shaped mass thus formed, 
is the pith of the branch at its point of union with the pith of the main axis 
(Fig, 77, A), When a branch dies, it ceases, of course, to increase in size 
and may be buried as a cylinder of dead tissue. Knots found in lumber 
are embedded branches. The knots are loosely or tightly attached to the 
board, depending on whether the branch was dead or Jiving at the time 
it was embedded. 

As the base of a branch is buried by the formation of new xylem on the 
main axis, the phloem tissues about its insertion are forced outward — 
those in the angle of the crotch more rapidly — so that the base of the 
branch is stripped of its phloan. In small branches in which the increase 
in diameter is relatively small as compared with that of the main axis, 
as in the fruit'lpurs on the larger limbs of apple trees, this stripping is most 
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marked* In this process the phloem tissues are thrown up into folds 
which often appear as concentric rings about the base of the partly 
buried branch. With larger branches and more rapid growth, the older 



Fkj. 77. — A, diagram illiustrating the burial of branch buses by secondary xylem. 
The phloem is pushed away from the buried portion and thrown up in the crotch angle 
into folds. The cambium layer is also distorted in itosition. The pith is shown in solid 
black; the phloem and cortex stippled, to successive annual rings. B, diagram 
of crotch with narrow angle, showing union of xylem of trunk and branch, the pushing out 
of the phloem in the angle, and the occasional enclosure of “pockets” of phloem within the 
.xylem. The latter condition, together vdth the formation of abundant wmod parembyrna 
in the xylem of the crotch union, renders the crotch weak. (B, after MacDaniets.) 

phloem is mechanically broken and crowded out of the crotch angle, and 
the younger, more plastic tissue is throwm up into irregular folds. Appar- 
ently, none of the cambium is destroyed in the process, but great distor- 
tion in the shape and arrangement of the cells results. Adjustment to 
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the necessary shortening of the cambium in the crotch angle probably 
takes place during the growing season while the cells are in a plastic 
condition. At this time some of the cells are apparently forced laterally 
out of the crotch angle to the sides of the crotch where they help to 
compensate for the increase in the girth of the cambium which takes 
place in this region. Gliding growth may, of course, also be involved 
in these adjustments. 

In the crotch angle there is usually a well-defined region where the 
tissues of the trunk meet those of the branch. Here the conducting 
tissues of branch and trunk may remain more or less distinct, and, 
between the two, masses of thick-walled parenchyma may be formed. 
Thus the branch is not ^'tied to^' the trunk on the upper side, and as a 
result there is in the angle of many crotches a zone of weakness which 
may cause the branch to break away when under stress. Where the 
angle of the crotch is very narrow and growth is rapid, the bark on the 
two sides is forced together before cambium growth in the angle pushes it 
out beyond the region of xylem union. Pockets of dead phloem are 
then enclosed in the angle (Fig. 77, jB), and are another cause of weak 
crotch union. The nature of the crotch tissue, the angle at which the 
branch meets the trunk, and the relative size of trunk and branch all 
have a practical bearing in the practice of pruning fruit trees, 
y Cambium Growth about Wounds. — Among the important functions 
of the cambium is the formation of callus, or woimd tissue, and the healing 
of wounds. When wounds occur in roots or stems, masses of soft paren- 
chymatous tissue quickly form on or below the injured surface; this 
tissue is known as callus.'^ Callus may be formed by the division of 
parenchyma cells in the phloem and the cortex, but its most frequent 
source is the cambium. In the formation of callus in the healing of a 
wound there is at first abundant proliferation of the cambium cells, with 
the production of masses of parenchyma. The outer cells of this tissue 
either become suberized themselves, or periderm (Chap. IX) develops 
within them, so that a protecting bark is formed, beneath which the 
cambium, is active in forming new vascular tissue in the normal way. 
In the case of priming wounds, callus is formed about the edges early in 
the growing season. As a new annual ring is formed in the uninjured 
surrounding tissues the cambiurn layer assumes a position at an angle to 
^ the face of the wound at the point of intersection with it. In this position 
new tissue formed in the normal way will extend the growing layer over 
the cut surface until the two opposite sides meet. The cambium layers 
then unite and the wound is completely covered. Subsequently formed 
annual rings serve but to bury the wound more and more deeply. 

The Cambium in Budding and Grafting,^ — The important practices 
of budding and grafting haye as their basis the ability of the cambium 
‘ ; of both stock and scion to develop callus and unite, thus forming over the 
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imioii of stock and scion a continuous cambium layer wMcli will give rise 
to normal conducting tissue. In such cases there is apparently an actual 
union of the cambium of the two plants. In cases of so-called incompati- 
bility of stock and scion, such as occurs bet’ween some varieties of apple 
and certain dwarf-apple stocks, the cambium of the stock and scion do not 
unite to form a normal growing layer 'which will, in turn, produce normal 
xyiem and phloem, but produce, instead, masses of parenchyma which 
make the union weak and conduction slow. The wdiole matter of 
cambium activity and structure in relation to the graft union needs further 
careful stud 3 n 

Where the c ambium is injured during the growing season, as, for 
example, when branches are ringed, t he cambiu m 

fro m the immature xvlem cells beneath, provide d the tj.sglies are pro- 

teeted from d^ccation soon after the injury. Thus, in ringing experi- 
ments, it is sometimes difficult to prevent the formation of new cambium 
even by scraping the surface of the wound with a knife. In such cases 
callus t issu e is formed by the living, immature cells in^the xyiem, and in 
new" camBuiin*i§"*'13! !^^ this new meriste- , 

matic tissue is not normal cambium in shape and size of 'cells, but eventu- 
ally the normal condition is attained. The formation of galls and some 
types of burls may be due to local stimulation of the cambium to abnormal 
activity by insects or disease. Such phenomena are largely pathological 
and a discussion of them has no place here. 

The Cambium in Monocotyledons.— The monocotyledons as a class ' 
are without secondary thickening, the plant body consisting of primary 
tissue only. Vestiges of typical cambial activity occur, however, in not 
a few genera, especially’' in the vascular bundles of nodal regions and of 
leaf bases. A special type of secondary thickening occurs in a few forms 
(some of the tree-like, or woody Liliaceae, Dracaena, Aloe, Yucca, etc., 
and some palms and other forms), whereby the stem is increased in 
diameter by the formation of a cylinder of new bundles embedded in a 
tissue of less-specialized nature (Fig, 78). Here a cambium layer is 
formed from the meristematic parenchyma of the pericycle or of the 
innermost cortical cells. The initials differ from those of the gymnosperm 
and angiosperm cambium in that they are much shorter in proportion to 
their width and are not prosenchymatous in shape. The type of second- 
ary tissue formed in the monocotyledons is also very different from that 
formed in the other groups. /The cambium does not produce phloem on 
the outside and xyiem toward the inside in the normal way, but forms on 
the inner side amphmisal or collateral bundles, scattered in parenchy- 
matous ground tissue/^The extracambial tissues formed are very small 
in amount and parenchymatous in nature, or are lacking. In the 
cambium layer proper, tangential division takes place for the most 
part. In the subsequent specialization of these cells to form the xyiem 
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ixnil phloeiri of the bundles, however, division takes jilace first in the 
radial, and then in all planes (Fig. 114), # 

The thickening which takes place in the bases of some palm stems is 
not due to the activity of a definite cambium layer, but is, rathei', the 
result of gradtial increase in size of cells and of intercellular spaces, and, 


in rare cases, of the proliferaygrn-of strands of tissue to form new fil)ei's; 
that is, it is, in general, a Ifi^delaved continuation of prima ry gr owth. 





no new vascular tissue is formed in the thickening of the palm 
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Fig. 78. — Special type of cambial growth of “woody’' monocotyledons; stem of Dracaena 

fragrans. 


stem, though in some genera secondary growdh of the type just described 
does occur. 

The development by cambial activity of steles with anomalous struc- 
ture is discussed in Chap. XL ■ 
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CHAPTER VII 


SECONDARY XYLEM 


Secondary xylem often makes up the bulk of the vascular tissue of a 
plant; and; in most woody plantS; constitutes the bulk of the entire plant 
body. In such plants it is a tissue of great importance, because through 
its functions a huge plant body may be maintained in the atmosphere with 
its various parts favorably situated as to light and air. Mechanically, 
the xylem supports and anchors the body; physiologically, it conducts 
water, and perhaps other inorganic materials absorbed by the roots, to 
all living parts of the plant. Further, it provides in its living cells stor- 
age space for considerable quantities of food. Of the total amount of 
xylem in the body of most trees, however, a considerable part (heart- 
wood) is not functioning except in the way of mechanicar support. 
The secondary xylem of tree trunks is of great economic importance, 
since it constitutes the timber and wood of commerce. It also has many 
other uses of less, though often of much importance. 

GROSS STRUCTURE OF SECONDARY XYLEM 

Secondary xylem consists of a closely compacted mass of thick-walled ■ 
cells so arranged as to 'form two systems; a longitudinal, that is, vertical, 
and a transverse, radiating system.^ The longitudinal system consists of 
elongate, overlapping, and interlocked cells — tracheids, fibers, and vessels 
— and of longitudinal rows of parenchyma cells. All these cells have 
their long axes parallel with the long axis of the bundle or central cylinder 
of which they are a part. The radial system consists chiefly of paren- 
chyma cells with their long axes at right angles to the long axis of the 
central cylinder. These horizontally elongate cells constitute the xylem 
rays. 

Xylem Rays. — Xylem raySj or wood raySj are sheets of tissue, more or 
less strap-like or ribbon-like, extending radially in the xylem (Figs. 79, 
80). As series or systems of conducting tissue, such cells are not confined 
to the xylem, but extend as continuous bands through the cambium into 
the secondary phloem, where they form a conspicuous and functionally 
important part of that tissue also. These radiating strips of cells are 
generally known as medullary rays, or pith rays^ since in position and in 

^ Tlie distinction of two such systems in secondary xylem is made merely for 
convenience in description. As distinct tdssnes, the systems, of course, do not exist. 
The basis of distinction is tha-t of arrangement of cells and of direction of conduction. 

• '■ ■; " i 
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liieir pareiicli^anatous nature they to some extent suggest radiating por- 
, :oiH of the pith. The use of this term is due also to a supposed homology 
,a' these structures with actual projections of the pith (medulla), such as 
'leciir in herbaceous stems of the Ranunculus type (Fig. 112, F). The 
“'medullary ray^^ for these radiating bands of the xyleni and phloem 
is, however, clearly a misnomer, since in the majority of cases these rays 
of tissue have no connection with the pith, and, further, are not mor- 
phologically homologous with structures, such as the radiating pith 
‘‘arms’’ of stems of the Ranunculus type, which may perhaps logically 
be called medullary rays. Hence, it seems that, in spite of the long- 
standing and almost universal usage of the term, it is best that it be not 
used in the sense of rays of vascular tissue. Of terms which may sup- 
plant ‘Tnediillary ray,"' vascular my appears to be the best. This has the 
disadvantage of being a new term, but is accurately descriptive, since 
the bands are rays of vascular tissue, partly of xylem, partly of phloem. 
The terms toood ray, or xyleni ray, and 'phloem ray for those parts of the 
ray confined to xylem and phloem respectively, are already in use and are 
])articularly appropriate. 

Vascular rays lie at right angles to the long axis of the stem or root, 
and are continuous in all cases through the cambium and into the phloem. 
They are straight except when crowded aside by unequal growth of the 
surrounding cells or tissues. All vascular rays are initiated by the cam- 
bium, and, once formed, are increased in length indefinitely by the 
cambium. Now ray tissue is thus added in a region near the middle of 
the ray, the older portions being pushed apart by the formation of new cells 
in the cambium between them. The length of a ray thus depends upon 
the length of time since it was initiated, and upon the rate of growth of 
the secondary tissues. At the beginning of seeondar}" growth a certain 
numlicr of vascular rays are initiated. These rays, however, become 
more and more widely separated in the new distal parts as the circum- 
ference of the vascular cylinder rapidly increases with the addition of 
new secondary tissues. Soon the -width of the segments of xylem and 
phloem so increases that the cells formed in the center of the segments 
are remote from the existing rays. New rays are then formed at frequent 
intervals tangentially, so that all xylem and phloem cells are fairly close 
to rays. In elongate cells, such as tracheids, the scattered vertical dis- 
tribution of the rays (Figs. 79, C\ 83, C) brings at least a part of each cell 
near a ray. In gyrnnosperm woods where no wood parenchyma is 
present, every tracheid is probably thus brought into direct contact with 
a wood ray. Vessels, also, in their longitudinal extent, come into contact 
with rays. In herbaceous stems, such as those of Ranunculus, where 
vascular bundles are separated by^ projecting parenchymatous wedges 
(which may perhaps be called true '^medullary rays^O? iii vines, such 
as Clematis, w^here the bundles are separated by bands of secondary 
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paix^nehyinay vascular rays are lacking. In such cases the bundles are so 
small that no conducting cells are far removed from radial sheets of paren- 
chyma. The absence of vascular rays iii such cases is doubtless due to 
loss during evolutionary specialization. The relation of contact or of 
closeness in position of living cells (ray cells or wood parenchyma) to 
conducting cells (tracheids and vessels) is apparently of the greatest 
im})ortanee to the functioning ability of these non-living cells. 

Annual Rings.— The longitudinal system itself shows no conspicuous 
gross structural features. The complete cylinder of secondary xylem is, 
however, commonly seen to consist of concentric layers (Fig. 3), each one 
of which represents the annual increment of wood. When seen in cross- 
section of the axis, these cylindrical layers appear as rings; hence the 
term annual ring is applied to the layer formed in a year. An annual 
ring is, therefore, the layer of secondary xylem formed in a year over the 
entire plant, and is, hence, an extensive tubular structure having the 
general form of the axis of the plant. It is open at the ends where meri- 
stems occnir. The term ^‘annual ring’^ should not be applied to the line 
separating the wood formed in two successive seasons. 

The width of annual rings varies greatlj^ and depends upon the rate of 
growth of the tree, which is, of course, controlled by many factors. Wide 
annual rings are formed in young trees and under favorable growth condi- 
tions generally. Unfavorable seasons produce very narrow rings, and 
favorable seasons wide ones. Such injury as defoliation during the grow- 
ing period also causes narrow-ring formation. Abrupt changes in the 
width of rings successively formed are produced by sudden changes in 
the growth conditions of the tree; serious accident to the tree, severe 
pruning, changes in soil drainage, fertilization, removal of shading trees, 
etc. leave evidence of the changed conditions in the width of the ring. 
Thus, the annual rings of the tree provide i very real record of some 
phases of the history of the tree. 

An annual ring^ varies in width in different parts of the plant and in 
different parts of the circumference of the axis at a given level. The 
thickness around the axis is most uniform over parts that are free from 
branches, as the smooth trunks of trees. Below the insertion and along 
the underside of branches, in some types of crotches, above large roots, 
about wounds and other abnormalities, there may be a very decided 
thickening of the ring. Local increased food or water supply is appar- 
ently responsible for this condition. In trees, such as the apple tree, 
with prominent large branches low on the trunk, the trunk may be built 
up in definite ridges or segments, each composed of the conducting tis- 
sues leading to the limb directly above. Where there are several large 
limbs near the same level, the entire trunk below may be divided into 
indefinite radial segments of tissue leading mainly to those limbs. The 
upper central part of the tree may thus be robbed of sufficient water and 
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!nitric‘iit.<. are, of eoum^, riot ' distiriei except as 

i.ni tlie stem, and iiiepsTe into one another laterall3x. ]^ix|)eriinents iiave 
slnovn even in smooth trmiks^, conduction is more or less restricted 
to vcnliiad se^^nierits of the trunk; that is, roots on one side of a tree to a 
lai’tt’c extent supply the branches on the same side. Conduction laterallx' 
is >lo\v in tiie trunk, the ‘‘main current’' passing directl}’ upward. 
Idiisgeiitiai conduction takes place where no roots or branches occur on 
niie sitica as well as where wounds cut off direct eoinmunicatiun. But- 
tres.'^ed tree trunks, such as are seen in elm trees and in maiyv otliers, 
f'-pecialh^ tropical forms, are due to strong local thickening In' the 
f'aml;»ium a box'o the main roots. 

Annual rings are (‘iiaraeteristic of woodx^ plants of temperate climates; 
tiie\' are wcaddy <.levcdo|:)ed or lacking in trojoieal forms except where the!*e 
arr^ marked climatic changes siieii as distinct wet and dry seasons. 
Annual |>lauts and herbaceous sterns of perennials show', naturally, but 

o?ir‘ hlXTi'. 

vSpring Wood and Summer Wood.~The presence of annual rings is 
due to seasorud conditions, the tissue formed in the s]:)ring, spring ivoodj 
being more or less different in cell size, cell type, and cell arrangement 
froin that formed in the summer, summer tvood. (Tiie terms siinimer mood 
and f(M trood, formeiix^ used for spring and summer wood respective^, 
ha\’e ceased to be used, since in most trees no wood is formed in the. 
autumn, and wood is commonly" developed in the spring.) An annual 
ring, therefore, consists of two parts, an inner lay- er, spring w^ood, and 
an outer one, summer xvood. However, no line exists betw'een these 
two parts of the ring, since spring xvood merges into summer w’ood, just 
as one season gradiiall}^ passes into the other. The line betw'een the 
summer wx)od of one \’'ear and the spring w’ood of the next is, how’- 
(n'er, sharp, and it is this line wdiicli renders the annual ring distinct. 

False Annual Rings. — The formation of /ate anniml rings frequenth" 
occurs as the result of a check of normal development of xxdem follow'ed 
in the same season a resumption of growdh. Defoliation by insects, 
liail, etc., also drought and other disturbances of development, cause 
“summer’- w'ood to form prematurely. In trees with determinate 
growth, such as the oak, the wdriter buds, espeeiall}^ the terminal l)uds, 
ma.v l)egin growth prematurely in late summer; the consequent growth 
activity is ac(*ompanied })y the formation of a false annual ring. False 
rings may be readily detected by the less sharp delimitatir)n at the outer 
edge id the summer wood. 

Ring-porous and Diffuse-porous Wood. — Annual rings are often 
rendered more conspicuous by the I’estriction of vessels to the spring 
w'ood, or by the formation there of much larger vessels, as in Quercus 
(Fig. 82, A), Catalpcij Ulmus (frontispiece), or of more numerous and 
larger vessels there tlian in the summer wood. When, for these reasons, 
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xylem shows the spring wood conspicuously distinct from the summer 
\vood; it is said to be ring-porous^ as in Fraxinus and Quercus (Fig. 82, i); 
when the vessels are fairly uniformly scattered through the ring, as in 
Betula, Acer, smdPopulus (Fig. 81, A), and where the transition in size or 
abundance is very gradual from the early-formed to the late-formed cells, 
as in Juglans and Pyrus (Fig. 83, A), the wood is called diffuse-porous. 
Between these two types no line can be drawn and many woods are of 
distinctly intermediate type in this respect. The type of vessel occur- 
ring in the wood bears no relation to the ring-porous or diffuse-porous 
condition. 


GENERAL HISTOLOGICAL STRUCTURE of SECONDARY XYLEM 

Cell Types and Cell Arrangement in Secondary Wood. — ^In both the 
longitudinal and radial system living and non-living cells occur, the 
proportions and the arrangement of the two kinds varying greatly with 
the species, and to some extent also with the time of year when formed, 
with the organ in question, and with the individual plant. The radial 
system, that is, the wood rays, consists in most plants wholly of living 
cells; the longitudinal system, on the other hand, commonly possesses a 
rather small proportion of living cells. These, in the form of wood 
parenchyma, make up longitudinal, uniseriate strands of cells placed f 
end to end, extending indefinitely in the wood (Figs. 80, C; 82, B), The 
water-conducting and the supporting cells of the different types occur in 
various proportions and arrangements. Usually, in a given .wood ^only | 
a few kinds of cells are present, but some species possess several cell types. | 
In Abies, for example, the wood (with the exception of the wood rays) 
consists wholly of tracheids, or, in some species, of tracheids and wood ^ 
parenchyma; inPicea, of tracheids and fiber tracheids, and in some species 
of wood parenchyma also; in Larix, of tracheids, fibers, and wood 
parenchyma; in Liriodendrbn, of vessels, fiber tracheids, and wood 
parenchyma; in Acer, of vessels, fibers and wood parenchyma; in some 
species of Quercus, of tracheids, fiber tracheids, typical fibers, libriform 
fibers, mucilaginous fibers, vessels, and wood parenchyma. (For descrip- 
tion qf cell types see Chap. IV.) 

The different pell types are arranged in various manners. (The 
radial arrangement of all cells is, of course, the result of the method of 
development of secondary tissues.) The cell types may be fairly uni- 
formly distributed through, the wood (Figs. 81, A ; 84, A), or there may be 
formed a somewhat definite pattern of rows and masses* of the different 
types (frontiB^iecaX'\/M0iB''O less definite tangential rows constitute a 

.frequent, example, in..Oar|/a„. and D.mpyrm.' 

84, A), thus placed (in the figure 

} the parenchyma with large lumina) . Vessels are 

’ often (frontispiece), and Robima. 
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Wood Parenchyma Distribution,— The distribution of wood priren- 
phyiaa ofnim in wavs wliieh are very uniform and constant in genera and 
in larger groups, I’liis disirilmtion is of three types. In some gyiniio- 
sperii! wochIs, wood parenehyma is absent; in others,, siieh ns the! of 
ijirf.r and and in <o!ne angiosperrn woods siicdi a,s 3!arfrniJia 

and Xn/b’, woo«! parenehyina cells oeeiir only in the last-foriiied tissue (A 

the uniina.1 ring, in other words '‘on the face of the summer woodd^ 

Sueh wood- have ferie/ae/ pnrei^chjtma (Fig, So, A), In eases whore 
parr^nrliyniM oeeiiiv nor only in this location, but is also seattcuvd more or 
le<'- i'hroiiglioni t!ie annual ring, some of the parenchyma, cells lying 
anumg flte li'aidieids and liber traeheids, the* plant has- r/Z/besr, or 

ipfioii pf?raivhh‘hiu i Fig. So,\B). PyvNS (Fig. 83, J), Q'Ncrrui^: 
i Fig. 82, .1], and /Jb>sp/y/*as"' (Fig. 84, A) have diffuse wood parenchyma. 
\\liere irirencliy nci at tiie edge of the annual ring, and elsewhere 





Fig. 85. — Diagrams ilhisirating wuod-parenehyraa distribution, tiio parenchyma cells 
shaded. A, terminal; B, diffuse; C, vuBicentric. 

. 4 ' 

Old}" about vessels, that is, in direct contact with the latter, or in contact 
with other parenchyma cells which are directly or indirectly in contact 
with vessels, and does not occur isolated among tracheids and fibers, the 
plant has vasicentric^ or paratrachealj wood parenchyma (Fig. 85, C). 
J eer, Fraxinm^ and Caialpa have parenchyma of the latter type. 

Structure of Gymnosperm Wood. — Certain general typcKS of secondary 
xylcun characterize the larger plant groups. That of the gyrnnosperms 
is simple and homogeneous, consisting of very few cell types, often of 
tracheids only^with the exception, of course, of the rays-^as in species of 
Abies and in Agaihis. In such xylem^ the summer wood differs hardly at 
all from the spring wood; in other cases, as in Larix^ Sequoia (Fig. 80, J), 
and in the hard pines, the summer wood is conspicuously different from 
the spring wood. Other genera show intermediate conditions. In all 
cases the non-living cells of the summer wood, being fiber tracheids or > 
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fibers, differ from typical tracheids only in thickness of wall, width of 
lumen, and capacity for conduction. Typical fibers are rare in gymno- 
sperm woods. Wood parenchyma, often called resin cells in gymnosperm 
wood, is absent in a few genera, for example. Araucaria, Taxus, species of 








l'io._ 8e.--S(-condiiry xylem of Pinws Strobns, showino- details of 
ZnteLtToI tLlhing trac-heids are shown; the 

Picea and Pmus (except for that about resin canals). It is scarce in 
many other genera, such as Lariz and Tsuga, where it is terminal, 
.^ore abundant parenchyma, arranged diffusely, characterizes such genera 
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as J a ih' pt aiic! Podomrpm, A'(?ssc‘L'^ ureur only in, 

I ho ^iietitles. ( lyiuiios|)erni wood is thus very iiniroriii in structure. 
x/§tructure of Angiosperm Wood."~--The wood of the aiigiospernis is 
characterized hy tlic^ presence of vessels, and, in general, by a complexity 
of st met !ire far gr(^a.ter than that of the gymnosperins. This c‘oni|)lexity 
of struf‘t‘Ure is due to the presence of several kinds of cells - -tnieheids, 
\a.‘ssels, fi!)er traclieids, fibers of various types, wood parcmchyma cells 
for some of these): to variety in. ray form; and to the arrangeiiient and 
interrelations of the diifereiit kinds of cells with one anotlnn.*. In most 
genera, vessels ;ire abundant, and in some cases the}' C(,)nstitute a consider- 
able |')ercentage of the wood, as in Tilia uml Popnhis (Fig. 81 .0 I'hc'y 
an aSt» abundant in vine's and ma?]y herbs, [n herbs with complete 
wenniy c\'linders tiicw are fre([uenliy less abundant, and are small. In 
roots, vessels. noi*mally make up a very large projxntion of the wood. 

Oniy the wood of a few groups of angiosperins the Ti'ochodendraeeae, 

some gemera of the Alagiioiiaeeae, and certain reduced, cliiediy liorbaceous 
forms—lacks vessels. \\\)od parenchyma is probably preseuit in nearly 
all woexiy angios]xu*ms, beung abundant in some cases, as in Curya and 
PUtiiuiu^, and scarce* in otliers, as in Acrr and Liriodi Nfiron, Typical 
wood parenchyma is absent in herbs with isolated vaseailar bundles and 
in some vines with. })uridles separated by wide parenchymatous rays. 
Fibers e>f several kinds may occur, even in a single species. Complexity 
and variety of structure are, indeed, prominent features of angiosperm 
wood structure ; in this respect no tissue, unless it be angiosperm phloem, 
surpasses secondary xylem. 

Xylem Rays. — The xylem ray partakes in the genera! function of the 
vascular ray, of which it constitutes the part inside the cambium. The 
vascular my, fi’om its structure and position, seems to serve* foi* iraiv-wo]*^(' 
intercommunication in the living parts of vascular tissue, aiui ])erhaps 
also, through accom]nurying, radially extended intercdlular spaces, to 
some oxfent makes possible an interchange of gases witli the outsiele 
atmo^pliere. F>y the* agency of the vascular ray, water iriay l>e readily 
ti^aaisferred f]*om the xylem to the cambium and the phioom, and food 
supplies moved from tlie phloem to the cambium and to the wood 
parenchyma. In the latter cells and in the inner I’ay cells food for 
storage is readily passed inward from the phloem by the means of the 
rays. In the older, longer rays the terminal portions are not functional, 

I he inner Ijeiiig included in heartwood, and the outer cut off, together with 
the surrounding <*ells, l;)y periderm layers (Chap. IX). 

The f‘ells constitutiTig a xylem ray are for' the most part elongated in 
the din'ction of the long axis of the ray. They are typically prismatic, 
often distinctly rectangular, though the corners in many cases arc 
rounded, and in very broad rays, as in Querms^ the cells may be round in 
cross section. Xylem rays yary in width, height, and longitudinal 
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extent. They may be one cell wide, as in Pm (Fig. 86) and Populm 
(Fig. 81j /4)j when they are known uniseriate; or two, biseriate; or 
several to many, miiltiseriate. Groups of closely placed, narrow rays, 
such as are found in Alnus and Carpinus, are called aggregate ray^; and 
multiseriate rays of certain types are sometimes known as compozmd 
rays. The latter term is a poor one, however, since, in some cases at 
least, it is a misnomer. The cells of a xylem ray lie in definite horizontal 
rows, and the cells of contiguous rows are so placed that the ends of a 
cell do not coincide with the ends of the cells above or below. Neither 
do the end walls of the ray cells bear any relation to the walls of the cells 
of the vertical system. Structurally, the ray is more or less like a brick 
wall, the individual cells representing the bricks; the uniseriate ray is 
like a wall one layer thick; the biseriate, two layers' thick, etc. In height, 
the rays range from one cell to very many, from a fraction of a millimeter 
to 8 or 10 centimeters. Rays only one or two rows of cells high are, how- 
ever, not typical rays. Certain so-called /^medullary rays^' of vines and 
herbs may much exceed the maximum height given; these are, ho W' ever, of 
different morphological nature. In a given species the rays may be of 
various width and height (Figs. 80, C] 83, C), or all may be of approxi- 
mately the same width and the same height. For example, in nearly 
all gymnosperms the rays are uniseriate, but vary much in height (Fig. 
79, C) ; in many species ol Quercus, uniseriate and very large multiseriate 
rays occur (Fig. 82, C), no intermediate types being found, and the 

height of the rays varies. In Betula nxid the rays range from two to 
ten cells in width and are fairly constant in height; in species of Dios- 
pyros, the rays are alike in width and in height. 

The shape of the cross section of the ray as seen in tangential sections 
of the wood varies greatly in different plants, being linear, oblong, fusi- 
form, or round-fusiform. The type is usually constant for a species. 

The length (radial extent) of a xylem ray is dependent upon the posi- 
tion of the point of origin of the ray in the xylem (for origin of rays, see 
Chap. VI). Prom that point the ray is continuous to the cambium; 
xylem rays are discontinuous between the point of origin and the cambium 
only in case of injury to the cambium. (It should be borne in mind that 
in any section false beginnings and endings of rays appear because the 
ray passes out of the plane of section and seems to end at this point.) 

In most woods the rays are arranged wuthout definite plan, except 
that of a fairly uniform distribution through the vascular tissue (Figs. 
79, C; 83, C), such that in no case two rays come into contact, and no 
considerable areas exist between, them. In certain woods, especially 
those of tropical genera, such as DiospyroSj the rays occur more or less 
definitely in tiers. Aside from their position as radiating bands, rays 
bear in their arrangement no relation to the general stem structure; but 
' the distribution of certam of the first-formed and of the very large rays 
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may !jp ilepeiiJeiit upon pliyliotaxv, these rays having a definite relation 
tn t!]j> p()sit ion of leaf traces. 

Ray Tracheids.“--“l'he cells of the wood rays are usually all living, 
and of a type tliat differs from t^'pical parenehynia ehiefiy in the presence 
of a thick, iiiore or less lignified wall* Howeverj in a few genera, of tlie 
uyin!jos|)eroiSj for example^ PtnuSy the mys consist of both living and 
!ioii«ii\irig cells. The latter are termed ray tracheids because they are 
traclieiddike in the la(*k of protoplasts and in the pitting and chemicad nature 
of their walls, })iit resemlde the living ray cells in their general shape and 
positirm in the ra}-' (Fig. 86), In shape they are less uniform tliaii the 
iivina cells, tending to he considerably longer, narrower, and lower. Ray 
iracheids occur noJinally at the upper and lower margins of the rays; 
hmice tliey are often spoken of as aiorginal ray iracheids. The marginal 
rou's of ray traeheids consist entirely of this tjpie of cell ; only very rarely 
here or elsewliere in tlie ray are two kinds of cells formed in one row. The 
iiuml.ier of rows of cells which may be of ray traeheids varies from one to 
several, one to three being most common. Ra3^s consisting of onl,v one, 
two, or three rows of cells ina}" be entirety of ray traeheids ; and where the 
ra^'s are veiy high, there ai*c often, near the middle of the rows of 
i)iterspersed ray traeheids in addition to the normal marginal rows. 
Ray traeheids, from their structure and })ositioii, apparenth” serve to 
conduct water radially. 

Marginal Ray Cells of the Angiosperms. — Ra}" traeheids do not ocemr 
in the angiosperms. The ra^^s of this group are not in all eases homogene- 
ous, however. The wood of maiy' genera, such as Salix and Nyssa^ 
possesses rows of marginal cells different in size, shape, and contents from 
the other cells, and obviousty different in function. Such cells are, 
however, always living cells. The longer diameter of these cells is verti- 
cal, or the cells are shorter than the typical ray cells. The pits of the 
lateral walls, especially’’ those leading to vessels, are larger and more 
numerous than the corresponding pits of other ray^ cells. Marginal cells 
may' form continuous rows, when they’' are said to be conterminous^ or 
occair scattered along the marginal rows, when tliey>^ are interspersexL 
The function of marginal cells in the angiosperms is not understood. 
In maiy wor)ds these cells contain special secretions, such as essential 
oils, as in Sassafras, 

Pitting of Xylem Cells. — The cells of the xylem ray are usually heavily^ 
pitted, both with each other and wdth the contiguous cells of the vertical 
system. The number, size, and type of the pits vary with the type of 
cells in the w’alls of w’hich tliey^ lie (Chap. II). Thus, simple pits exist 
between living ray cells and other similar ray cells, and between such cells 
and wood parenchyma; bordered pits between ray traeheids and other ray 
traeheids, and between these cells and typical traeheids, fiber traeheids, 
and fibers; half-bordered pits lictween living ray cells and ray traeheids, 
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and between living ray cells and tracheids^. vessels, fiber tracheids, and 
fibers. (It sliouid l.)e renieinbered ■ that half-bordered pits when seen in 
face' view often appear as full-bordered pits.) The pits between any 
type of cell and fiber tracheids and 'fibers are few and are reduced in size 
and structure as compare<I with pits between the more definitely conduct- 
ing cells — tracheids, vessels, and parenchyma; in fibers of the , extreme 
types, pit connectiem with many of the surrounding cells is often wanting. 

The pits of gymnosperm wood as a whole are large; those of angio- 
sperm wood very small, but much more numerous. The pits of gymno- 
sperm tracheids and fiber tracheids are largely restricted to the radial 
walls of the cells ( Fig. Sfi) ; in a few genera they occur also in the tangential 
walls, especially of the summer-wood cells, when they are known as 
tangential pits. In the angiosperms the pits are usually not restricted to 
particular walls; those of the radial walls, are, however, commonly more 
numerous. Pits in many cases completely cover a wall surface (Figs. 
18, D] 10, B). 

. Bars of Sanio. — Horizontal, rod-like or band-like thickenings of the 
middle lamella in the walls of tracheids and vessels are commonly known 
as bars of Sanio. They are so named in honor of Sanio (Chap. XV), 
who first descri!)ed them. These bars are pectic or celliilosic in nature, 
and are clearly seen, es[)ecially in many gyrnnosperms, when a strong 
cellulose-staining reagent is applied to the wood. By their presence the' 
cell wall as a whole, however, is not increased in thickness, the secondary 
walls being proportionally thinner in those areas. Bars of Sanio lie 
between bordered pits, and in face view take the form of straight trans- 
verse rod-like bands, of similar structures with forked, curving ends, or of 
crescent-shaped hands (Figs. 16; 17; 86). When pits are far apart, two 
eyebrow-like bars or rims lie between each two pits; when pits are closer, 
the two bars between two pits fuse in the middle, the ends being free, 

double rims '' being formed. When the pits are crowded, the two curved 
bars become one straight bar. The curved bars of Sanio have been called 
rims of Sanio ^ the term ^'bar of Sanio'' being restricted to the straight 
bands which appear, in some cases at least, to represent two rims of 
Sanio. This unfortunate confusion of terms is greatly increased by the 
fact that the term ''bars of Sanio" is applied by some students to trahec- 
ulaeA These are structures of entirely different nature, being rod-like 

1 It is not clear that the term '‘bars of Sanio'' should be applied to trabeculae on 
a basis of priority of usage, since trabeculae were first referred to as ''Sanio's beams," 
and later as '‘Hanio's bands." It seems best, therefore, to continue the use of the 
term '^bar of Sanio" as indicating any band-like thickening of the middle lamella 
related to pit position. The term 'Tim of Sanio" may then indicate the curved bar, 
if such a distinction is desirable. , Apparently, .these rims represent the thickened 
margins of the area between rounded "pnnaordial pits^' of the primary wall. When 
such pits are (‘lose together, the intervening waft spa<» is reduced and the margins 
"unite." ‘ ' 
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projections of the cell wall lying across the lumen of tracheids (Fig. 23). 
Trabeculae occur as radial rods crossing in a straight line rows of tracheids 
formed by the same cambium cell. They are frequent in the conifers 
and have been found in the angiosperms. Bars of Sanio are conspicuous 
features of wall structure^ but are not known to be of functional impor- 
tance. Their presence is probably incident to the method of develop- 
ment of the primary wall. 

Tyloses.— Balloon-like enlargements of cell walls, projecting into 
adjacent cell lumina through pit cavities, are known as tyloses. These 
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the presence of these substances in quantity is uncommon, however. 
The tylosis may remain small or become very large; its size and shape 
depend in part upon the size of the lumen of the tracheid or vessel into 
which it extends, and in part upon the number of other tyloses present. 
The wall of the tylosis may remain thin and delicate, becoming wrinkled 
and partially collapsed in heartwmod,or may become thick and even ligni- 
fied; pits may be formed in it when it comes in contact with other tyloses. 
The tyloses in a given cell may be few^, as in Populus (Fig. 81, C), or 
many, as in the white oaks (Fig. 82), when they fill the lumen and become 
angular by compression. Tyloses are said to undergo division in 
some cases, ^‘multicellular tissue, which fills the lumen compactly, 
being thus formed, as in Rohinda md Machira. That such division 
is responsible for the multicellular • appearance, however, is ques- 
tionable. The appearance of separate cells may be brought about 
by the presence of multitudes of tyloses, each slender, and all mutually 
compressed, as are soap bubbles in a crowded mass. Tyloses may 
develop from occasional pits only, as in Juglans, Liriodendronj and Sassa- 
fras, or from great numbers of pits, perhaps from every pit (leading to a 
living cell) in a vessel, as in Robinia, Rhus, and Catalpa. More than one 
tylosis may develop from a single parenchyma cell. Tyloses sometimes 
develop in the lumina of gymnosperm tracheids, as in the soft pines. 

In the wmod of conifers there is also found to some extent a closing 
of the cavity of resin canals due to enlargement of the epithelial cells 
(Fig, 84, C). These enlarged cells are often called tyloses, but are 
better termed tylosis-like cells. Other tylosis-like growths occur in 
protoxylem, where entire parenchyma cells or parts of cells protrude 
into the weakened or ruptured tracheid or vessel between the rings or 
turns of the spiral. 

Tyloses are of common occurrence in angiosperm wood. They are 
characteristic of certain species, and always absent in others. Many 
tyloses develop about the time of transformation of sapwmod into heart- 
wood, but it is known that they may be present to some extent even in 
the outermost rings of sapwood. They are most abundant in heai'twood, 
but may occur also in the sapwood W’'henever normally present in the 
heartwood. Tyloses also occur in the vessels of herbs. They have been 
described or reported in such genera as CucurUta, Coleus, Canna, Portu- 
laea, Rumex, Asarnm, and Convolvulus. Not only do tyloses dev^op 
normally, but their formation may be induced in many plants by wound- 
ing. For example, they may develop in the region near wounds on the 
surface of a tree trunk or in the region where a branch has been removed; 
after the felling of a tree/ tyloses may form in the sapwood throughout 
'the log as it lies uponiS^i^pouad. , , They maybe present in the inner part 
of leaf traces after the leaf hm fallen. Such tyloses, however, are usu- 
ally spqradi< 5 ,m peeiii^ei^^.pkd^h^gular in shape and size. 
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The (leTelopmeiit of tyloses either normally or as a result of wounding 
is said to be due to a difference in pressure in the cells on either side of a" 
|)it membrane; to the reduction of pressure; or to the cessation of conduc- 
tion in the vessel, permitting the membrane to expand into the cell. 

The distribution of tyloses in wood is not determined l)y type of 
wood, by rate of growth, by age of the plant, or by habitat. Where 
wood parenchyma is scarce, tyloses likewise are fewy in siieli cases there 
is much variation in the frequency of their occurrence. 

Tyloses are of considerable economic importance in the use of woods. 
They are a factor, though a minor one, in durability; durable species, wdth 
few exceptions, possess abundant tyloses—for example, Madura, Rohinia, 
Juglans nigra, Moncs, Catalpa, and the white oaks. By blocking the vessel 
liiinina they prevent rapid entrance of w^ater, air, and fungal filaments. 
(Durability, how^’ever, is largely dependent upon the chemical nature of 
the wall.) The presence of tyloses prevents rapid penetration of artificial 
preservatives. For example, under treatment with creosote, red oak, 
which is wdthout tyloses, is penetrated for long distances through the 
vessels, whereas white oak with tyloses is hardly penetrated at all. 
Similarly, white oak may be used in ^Hight’^ cooperage, whereas red oak 
with its open vessels is of little value for this purpose. 

Sapwood and Heartwood. — Though little is known definitely about 
the conductive activity of x^dem of different ages, it is probable that 
cells when first mature are most active, and that there is a gradual slowing 
down of conduction until functional activity ceases. So long as xylem 
contains living cells and is apparently conducting, at least to some 
extent, it is known as sapwood; after all activity ceases, it becomes 
heartwood. The terms alburnum and duramen, ioTvaoAj much used for 
sapwood and heartwood respectively, are passing out of use. The 
sapwood of a tree serves for conduction, support, and food storage; the 
heartwood only for support. In the transformation of sapwood into 
heartwood a number of important changes occur: all living cells lose 
their protoplasts; the cell sap is withdrawn, and commonly the water 
content of the cell walls greatly reduced ; any food materials present in the 
living cells are removed; tyloses, if characteristic of the wood, are formed; 
the partly lignified walls of parenchyma cells may become more strongly 
lignified; there are formed within or brought into the changing cells 
certain substances new to the tissue, such as oils, gums, resins, tannifer- 
ous compounds, various aromatic and coloring substances; flexible pit 
membranes become fixed in the closing position. In short, the xylem 
becomes physiologically functionless, being as heartwood merely a solid 
supporting column. 

The extent to which the water content of tjae xylem is reduced with 
change to heartwood varies greatly: In a few plants — ^for example, 
Ulmus and Pyrus Malus—ih% heartwood remains that is, satu- 


J82 , , ■ AN INTRODUCTION TO PLANT ANATOMY • 

riitcHl willi -wator (whether such water ivS in process of conduction is doiil)t- 
fill liuweverj; in other plants the heartwood become very dry, as in 
FnudnuH (where in some species it is said even to become checked in the 
living tree). Such substances as oils, resins, and coloring materials may 
infiltrate the walls, and gums, resins, etc. may fill or partly fill the lumina 
of the cells. In Diospyros (ebony) and Stale tom (mahogany), the cell 
cavities are to a greater or less extent filled with a dark-colored, gummy 
substance. The color of heartwood, in general, is the result of the 
presence of these substances within the walls and, in some cases, the 
liunina. The fact that the heartwood is darker in color than the sapwood 
is incidental to the formation of these substances: Some woods, such as 
Bdiila^ PopulaSj Picea, Agathis, have heartwood hardly if at all darker in 
color than the sapwood- 

Heartwood, as timber, is more durable than sapwood, because the 
removal of water, the reduction of food materials available for fungi and 
bacteria by the disappearance of protoplasm and starch, the formation 
of such substances as resins, tannins, and oils, and the blocking of the 
vessel cavities by tyloses and gums render the wood less pervious to watei' 
and less subject to attack by the organisms of decay. For this reason, 
as well as for many others — such as the presence of desirable color or odor, 
or of substances of commercial value which may be removed, such as 
haematoxylin — heartwmod is commonly of more value commercially 
than is sapwood. The latter, however, is preferred in some cases, as in 
some grades of quarter-sawed oak, and in hickory and ash for tool handles 
and spokes. Owing to lack of resin, gums, and coloring substances, 
sapwood is also preferred for pulp wood, and for wood to be impregnated 
with preservatives. 

Apparently, there is no fixed length of functional life in xylem. The 
functional period is controlled by the physiological activity of the tree or 
of the organ or segment of the organ in question. Young, vigorous 
plants or vigorously growing parts of older plants have little or no heart- 
wood, whereas slow-growing, weak, and most old trees have a veiy large 
proportion-* of heartwood in stem and root. In old trees the xylem 
remains sapwood but a very few years. In case vigorous growth is 
renewed, a large amount of sapwood is built up by the retention of all 
sapwood as such for many years. All parts of an annual ring are not 
changed into heartwood simultaneously; that is, the outer limit of heart- 
wood bears no relation, necessarily, to the annual rings. Where strongly 
developed roots or branches are present on one side of a trunk, the xylem 
of the segment on that side remains alive long after other parts of the 
same age have become dead. 

Relation of Microscopic Structure to Properties and Uses of Wood. — 

The wood of different species varies greatly in^ts properties and in its 
value for different purposes. Characteristic qualities, and hence specific 
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economic uses, depend largely upon the histological structure and 
upon the chemical nature of the tissue. Variations in histological 
structure which affect the properties of wood consist chiefly in the kinds, 
proportion, and arrangement of cells— for e.xample, the presence or the 
absence of fibers and of large vessels and their restricted or widespi-eiid 
distribution; the transverse diameter and the comparative thickness of 
the wall of fibers; the length of fibers and the extent to which they 
overlap other fibers; the straightness of fibers; the abundance and the 
width of the wood rays; the presence of tyloses. The amount and 
the distribution of wood parenchyma seem to bear little relation to the 
properties of wood. Variations in the chemical nature of the wood are 
of the greatest importance in relation to certain qualities of wood, espe- 
cially those in which heartwood differs from sapwood. The cell wall 
itself varies in chemical nature, the proportions of cellulose, lignoccllulosc, 
and “lignin” differing greatly. Occasionally, the w^alls areeven mucilagi- 
nous iii nature. Tannin compounds may be present in (,‘on.siderablc 
quantities as substances infiltrating the cell wall; the lumina may contain 
various amounts of gums, resins, tannins, etc. 

Weight. — The wall substance of wood, either light or iieavy, is of 
nearly the same specific gravity, about 1.56. Variations in weight are 
due to variations in the proportion of wall substance anti of lumen space. 
Where the latter is small in amount, that is, where the wood is dense, it 
is, of course, heavy. Hence, abundance of small, thick-walled fibers 
makes a wood heavy as in Guaiacum (lignum vitae), Diospyros (Fig. 
84, A), and Pyrus (Fig. 83); whereas numerous and thin-walled vessels, 
as in Tilia and Populus (Fig. 81), reduce the specific gravity greatly. 
Extremely light woods, such as those of the “cork-wood” type — for 
example, Ochroma (balsa) (Fig. 84, B) — have a very large proportion of 
large, empty, thin-walled parenchyma cells. The specific gravity of 
wood ranges from 0.2, as in Ochroma and Leitneria, to about 1.3, as in 
Condtilta. The majority of well-known, commercially important woods 
range from 0.45 to 0.75 in specific gravity. Species of Quercus range in 
specific gravity from 0.65 to 0.95; Carya, 0.74 to 0.84; Fraxrnus, 0.65 
to 0.72; Acer, 0.62 to 0.69; Piniis, 0.37 to 0.79; Abies, 0.35 to 0.47; Popu- 
,lm, 0.36 to OAli'Seqtioia, 0.29 to 0.42; examples of heavy woods are 
Guaiacum, 1.1 to 1.4; Eucalypiu.s, 0.8 to 1.25; Acacta, 0.8 to 1.3. 

Strength. — The presence of a large proportion of fibers or fiber traeheids 
makes a wood strong. Hence, dense and heavy woods are usually strong 
woods. The length of the fibers and the extent to which the ends overlap 
are apparently features of minor importance as regards the strength of 
the wood. 

Durahility. — Resistance to decay by the action of fungi and bacteria 
is dependent largely upo^ the chemical nature of the wood— of the coll 
walls and of the cell contents. It is not correlated to any degree fexcept 
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in some veiy light woods) with physical properties^ such as weight and 
strength, or with structure. The presence of tyloses which block vessels 
does, of course, I'educe the rapidity of entrance of fungal liyphae, and of 
water and oxygen. However, it is the presence or absence of iniiltrating, 
natural preservative substances, such as tannin, resin, and oils, which 
< ietermines the durability of wood. Both light and heavy woods are diira» 
ble — for example, those of Sequoia, Catalpa, Castanea, Robinia, Madura; 
and other equally light and heavy woods decay rapidty — for example, 
those of Populus, Tilia, Acer, and Carya. Resistance to decay is not 
necessarily correlated with depth of color, though heartwood is generally 


more durable than sapwood, and, in a general way, the darker the color 
the greater the resistance. This condition results from the fact that 
depth of color often indicates approximately the amount of preservative 
substances. Durability as resistance to mechanical destruction depends 
upon hardness, density, and toughness. Chemical resistance to decay 
is in such cases, of course, also of great importance. 

Other Properties. — Flexible woods are fairly homogeneous and have 
long, straight, strongly overlapping fibers, and linear rays. This type 
of wood also cleaves readily. Toughness involves strength and pliability, 
and, to a large extent, the interlocking of the fibers. Thus, where the 
fibers are strongly interlocked, the woods may be put to special uses, 
that of Ulmus, for example, for hubs and basket splints; of Ostrya, for 
mallets and tool handles. The interlocking of the grain may be due in 
part, as in Platanus, to the presence of low, proportionately very broad 
rays aroiind which the fibers bend in their course. Woods witR inter- 
locked fibers and of uneven texture are not readily ^Svorkable.” In all 
properties the proportion of water present is of much importance. 

Penetrability by Preservatives.— The rate of penetration of wood by 
preservatives, such as creosote, is dependent to a large extent upon the 
structure of the wood. Such open channels as vessels and resin ducts 
provide ready access to infiltrating fluids, but the preservation of regions 
about these openings alone is of little value. Penetration through thick 
cell walls can occur only slowly. More rapid penetration through closed 
cells must take place through the pits, from lumen to lumen, as does the 
passage of water in living tissue. Passage through the pits undoubtedly 
is chiefly through the minute openings in the closing membranes (Fig. 
16). Upon this movement the structure and the behavior of bordered 
pits have an important bearing. When living sapwood is immersed in 
a preservative fluid under pressure, that is, where pressure is from all 
sides, there is little or no penetration; when the preservative is applied 
at one end of a piece of wood with light pressure, penetration is fairly 
,, ^ rapid, but with' iuc^3^d'pre»are' it. || quickly cut down. The cessation 
of penetration to be due to the closure 
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green timber is not penetrable to preservatives. Such timber is sometimes 
treated under pressure in certain processes. In such cases, however, the 
preservative is not forced into the wood until the green timber has had 
the water boiled out in the treating retort, when it is, of course, seasoned 
timber. It is practicable to treat only seasoned timber with preservatives. 
, The structural conditions responsible for the penetration of seasoned 
wood by preservatives are not well understood. It has been believed 
that microscopic checking of the cell walls is responsible for the passage 
of fluids from lumen to lumen, but such checking does not always occur, 
and the checking slits do not pass through the wall (Fig. 19, /, K). The 
pit membranes rupture only rarely in drying. It seems probable that 
the differences are due to changed conditions involving surface tension, 
capillarity, and the passage of fluids through very minute openings. In 
this case the openings involved are probably those in the closing mem- 
branes of the bordered pits. Although the lumina and pits are larger in 
spring wood than in summer wood, the latter is more freely penetrated 
by preservative fluids, whether the wood is green or dry. This is doubt- 
less due to the fact that valve action of the closing membi'anes of pits 
in summer wood is very weak or lacking. Sapwmod is always much 
more penetrable than heartwood. This is doubtless because in the 
heartw'ood the tori have become fixed in the lateral position, and the 
cavities of the pits are often clogged with gummy or resinous mate- 
rial. Even the lumina may be more or less filled by these substances 
or by tyloses. 

Grain of Wood. — Variations in size, shape, and orientation of cells, 
and in proportion and arrangement of cell types, determine variations in 
appearance of wood, known as grain. Coarse grain, fine grain, and 
cross-grain are largely self-explanatory terms. Spiral grain refers to a 
condition in which the cells of the vertical system lie parallel with one 
another, but the whole system winds spirally about the tree. The 
grosser features of wood structure, annual rings and wood rays, form the 
most conspicuous grain of wood. The alternation of layers of coarser 
and finer cells, spring and summer wood, produce the prominent max'k- 
ings in many woods, such as the hard pines and the ashes. Wood rays 
when cut longitudinally, as in radial section, or obliquely longitudinally 
in sections that approach the radial, form conspicuous markings which 
are the more prominent because of the denser structure of rays and their 
tendency to take a high polish. Large rays, as in Quercus^' ioxm the 
mlmr grain of wood. The presence of silver grain, as in quarter-sawed 
oak, renders the wood of great value for furniture, cabinet work, etc. 
Curly grain is the result of an undalate course of the cells. This occurs 
in individual trees or parts, of trees, and is frequent in Betula^ Cmtaneaf 
Acer, PrunuS) etc. Bird^s-eye probably due to the presence of 

numerous dormant ^ adventili^^fen^^'brth©^® buds maintain their posi- 
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tioii in the bark of the tree, building up weak central C3dinders, chiefly 
.parenchymatous, as the tree trunk increases in diameter. These pith- 
like steles form the when cut in cross section (tangential section 

of the wood), and the fibers and other cells of the vertical system swing 
around them as they do about the bases of branches. 

Relation of Wood Structure to Climate. — Little definite information is 
available as to the correlation of wood structure and climate. The 
tropical woody flora is perhaps, as a whole, more primitive than that 
of the temperate regions, and hence may possess primitive characters 
in wood structure in a large proportion of species. Evidence on this 
point, though based on insufficient material, appears to be conflicting. 
Thus it has been suggested that scalariform vessels, uniseriate rays, and 
diffuse wood parenchyma, which are doubtless primitive characters, 
together with ring porous xylem, an advanced character, may be more 
common in temperate climate than in tropical climate plants. There 
can be no doubt, however, but that the gross structure of wood, especially 
those features which go to make up the grain as related to annual rings 
may" be greatly affected by climate. Thus, alternate wet and dry, and 
warm and cold seasons favor the formation of sharply delimited annual 
rings/ whereas in a uniform climate the yearly increments of wood are 
weakly or not at all set off from each other. Many tropical woods, 
both light and heavy, are very uniform in texture, owing to their homo- 
geneous structure. On the other hand, some woods grown under the 
same conditions are not uniform in texture. Long growing seasons with 
high temperature and abundant moisture may favor the production of 
large amounts of wood substance, a condition which may be manifested 
by very rapid growth of relatively light, porous wood, or slower growth 
of wood with very dense structure. There are found in the tropics 
extremes of both of these types, as, for example, the remarkably^ light, 
rapidly growing wood of Ochroma (balsa) and the dense wood of Dios- 
pyros (ebony). Woody plants growing under severe climatic conditions, 
such as drought or cold, usually have wood of dense structure and small 
elements. In tracing such correlations it must be borne in mind that 
the factors influencing structure and growth are many and complex 
and that it is not always easy to determine causal relationships. 

Compression Wood, — A type of wood somewhat darker than the 
sapwood, often reddish* and resembling heartwood, is present in many 
gymnosperm genera, as in Pseudotsuga and Pinus, It occurs on the 
underside of branches, and on the lower side of tree trunks in trees that 
do not stand vertically. This wood is known as '' redwood N or as 
m7npression wood^ since it is always situated in regions where the weight 
of parts of the tree tend to compress it. Histologically, it differs only 
slightly from other wood, the cells being somewhat shorter and perhaps 
slightly thicker-walled. 
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Pith-ray Flecks —Injury to the cambium region by insects known as 
^'cambium-miners'' produces ultimately areas of wound tissue in the 
mature xylem. These areas when seen in cross section appear as small 
patches of irregularly arranged, thick-walled parenchyma cells. They 
resemble wood rays (“medullary rays" or “pith rays") in that they 
consist of parenchyma; hence they are commonly known as pith-ray 
jlecks md as medullary spots. They have nothing to do, however, with 
rays or with the pith. These injuries are common in rosaceous woods, 
and also in the wood of Salix, Acer, Betula, and other genera. The 
insects causing the injury apparently belong to different groups, but are 
chiefly Diptera. The larvae bore along the branches and trunk, forming 
tunnels downward through the cambium or the immature xylem. The 
cavity thus formed is soon filled, however, by the proliferation of the 
surrounding cells. The cambium, if injured, is replaced, and growth is 
continued normally. Thus the strands of wound tisSe are soon buried 
in normal wood. Such injury is of minor importance to the tree, but 
may greatly reduce the economic value of the wmod, as in Acer and 
Prunus. (Pith-ray flecks are, unfortunately, sometimes explained as 
normal features of wood structure.) 

Gummosis. — Another pathological condition, gurnmosis, deserves 
brief mention because of its frequent occurrence. As a result of injuries 
of various types which bring about exposure of tissue to slight drying, 
the cell walls become, transformed into gum. The transformation appears 
to be the result of enzyme action, which first affects the pectic middle 
lamella and may ultimately dissolve the entire wall. Tissues affected 
by gummosis may thus be partly broken down, or become completely 
transformed into a mass of gum. The gum may be found filling the 
lumina of the affected cells, entering from the pits, or may be exuded 
from the tissue. Gummosis is common in woody plants, being extensive 
after insect and other injury in such plants as cherry, peach, and acacia. 
It perhaps occurs in the xylem of many plants as a response to injury or 
diseased conditions, and may incidentally protect tissues from further 
injury. 
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CHAPTER VIII 
SECONDARY PHLOEM 

In the preceding chapter consideration is given to those secondary 
tissues formed by the cambium toward the inside of the stele and known 
as secondary xylem, or wood. The present chapter deals with the 
analogous tissues formed by the cambium toward the outside of the 
stele, designated by the term secondary phloem. The terms “inner 
bark'' and “bast" have been used by various authors to indicate these 
tissues (Chap. IV), but, as these terms have also been employed loosely 
to indicate structures other than the phloem proper, their continued 
use leads only to confusion. 

Extent and Amount of Secondary Phloem. — The extent and the 
amount of the secondary phloem depend upon the type of plant and 
upon the age of the part in question. The distribution of secondary 
phloem is, of course, controlled by that of the cambium. Hence, this 
tissue in its entirety may form a layer over all parts of the plant axis 
except the tips, and may extend outward upon the leaf and branch traces. 
In herbaceous stems where the vascular tissue is reduced and the stele 
broken, it may comprise, as seen iii cross sections of thye stele, only 
isolated groups of cells between the cambium and the pericycle. In 
such forms the tissue is radially thin, so that the total amount of such 
phloem is small. On the other hand, in a woody plant of considerable 
age, all the thick layer of tissue outside the cambium may be phloem, 
either living or dead, combined with variable amounts of periderm. 
Between these extremes are all gradations. Normally, the amount of 
secondary phloem is less than the amount of secondary xylem, both in 
the space occupied and in the number of cells formed. In woody plants 
this apparent difference in amount is exaggerated, not only because the 
older phloem becomes crushed, but also because the dead outer layers of 
phWm are actually lost either by weathering or by definite abscission. 
y^yFnnction of Secondary Phloem. — The function of the secondary 
phloem is, in general, that already discussed in Chapter IV as belonging to 
phloem as a -whole. Its special importance as a secondary tissue is that, 
in the majority of cases in the dicotyledons and the gymnosperms, it 
very soon replaces the primary phloem which becomes crushed and 
functionle'ss. This is particularly true of the woody plants in which 
secondary thickening is initiated very close to the growing point and soon 
crowds out the delicate primary phloem tissue. In fact, in such plants, 
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the existence of the primary phloem is of such short duration as a func- 
tioning tissue that it is very difficult to study. It appears in sections of 
young twigs as obscure lines of crushed, thin-walled cells which have 
lost all semblance of their original form and structure. In some heibace- 
ous dicotyledons this obliteration of the primary phloem is not so com- 
plete or, as in the potato plant, does not occur at all. In monocotyledons 
which have secondary thickening, the primary tissues remain intact. 

be said that, in plants where secondary thick- 
the only phloem which is 
■ !. The development of 

the cambium provides for its constant renewal, a very 

lecondary phloem is of short 


In general, however, it can 
ening takes place, the secondary phloem is 
functionally important over any length of dime 
this tissue from t — -- 

necessary feature since in most cases even si 
duration as functioning tissue. 

Structure of Secondary Phloem.— Considered as a whole, secondary 
phloem is a complex tissue made up of a number of cell types, all of which 
have a common origin in the cambium. The arrangement and the pro- 
portion of cells of the different types vary greatly in different species. 
The elements which are normally present in all secondary phloem are the 
sieve tubes, which are accompanied by companion cells in the angiosperms , 
parenchyma of one or more types; and the phloem ray cells. Usually, 
some type of sclerenchyma is also present, and, less commonly, secretory 
cells, laticiferous duets, or resin canals. 

Sieve Tubes— Sieve tubes (Fig. 37) are the most characteristic ele- 
ments in all secondary phloem from the standpoint both of structure and 
of function. some plants, such as the gymnosperms, they- may make 
up the greater part of the phloem tissue, parenchyma and sclerenchyma 
occurring in smaller proportions*^ On the other hand, in most herbace- 
ous plants, in seedlings, in ywng twigs of woody plants, and in the 
mature secondary phloem of such woody plants as Carya cordiformis 
(Fig. 88, D) and Dirca palustris, the proportion of sieve tubes may be 
much smaller than that of the other cell types.v^Sieve tubes also show 
' ffreat variety in arrangement. In the secondary phloefii of some plants. 
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The sieve tubes of the secondary phloem of dicotyledons are of many 
different types with respect to shape and to the nature of the end and side 
walls. In a given species the sieve-tube type is usually constant, except 
in juvenile stages, in the root and stem of seedlings, and in the growth of 
the first few years in twigs. In the gymnosperms the type is also uni- 
form. Here the sieve-tube elements are not arranged in series, end to end, 
forming definite conducting lines, but are separate and distinct, in this 
resi)e('t resembling tracheids. Such sieve tubes have no definite end wall, 


the sieve plates occurring without regularity upon the radial walls (Fig. 
90, A).^n the angiosperms, however, great diversity of sieve-tube type 


90, A).^n the angiosperms, however, great diversity of sieve-tube type 
is shown in the secondary phloem. In many woody species, such as 
Carija cordiformis (Fig. 90, B), the end walls of the sieve-ttibe elementsare 
very oblique, frequently extending for nearly half the length of the ele- 
ment; in others, for example, Pyrus Malus (Fig. 37, M), end walls, as 
distinct from side walls, are obscure. Upon these oblique walls there 
are many sieve fields. At the <other extreme of variation is the type 
found in Robinia (Fig. 90, C), Madura, and in some species of Ulmus 
(Fig. 91, C) and Fraxinus, in which the terminal wall of the cell is trans- 
verse and made up of a single sieve plate^^Betweea these types is a 
series of intergrading forms. No one type is predominant in the woody 
angiosperms; even closely related species, as those of Fraxinus, may 
have markedly different types. ' In the majority of cases the sieve-tube 
elements of the secondary phloem of herbaceous plants have transverse 
sieve plates; where oblique plates occur they are pot of the extreme type 
found in the Juglandaceae. 

The lateral walls of sieve-tube elements which abut upon other sieve 
tubes in secondary phloem are frequently covered with pronounced lat- 
tices (Fig. 37, H, S). These are well developed in some wpody plants, 
such as Ulmris and Populus (Fig. 91, A), but are rare or wanting in other 
genera. The presence of well-marked lattices is not correlated with 


sieve-tube type as classified on the' basis of the angle of the end wall; 


lattices may occur in any type. The sieve tubes of the secondary phloem 
of herbaceous plants are usually without prominent lattices. 

Companion CeZZs.'-^ompanion cells (Fig. 37, H, I, S, T) are absent in 
gymnosperms, but are probably always present in greater or less abun- 
dance in angiosperms of all types. In some plants, such as J uglans and 
Solanum, they may accompany only a part' of the sieve tubes; in others, 
for example, Tilia, there are fropi on^o three companion cells with every 
sieve tube as seen in cross sectionyT A companion cell may extend the 
entire length of the sieve-tube element to which it is adjacent; or, more 
commonly, at least in the woqdy plants, several shorter cells may extend 
along the sieve-tube ^ement, the series, occupying the full length of the 
element or only a part of it. Thus the humber of companion cells accom- 

nent rangfc frqai, none to. several.’: ,Oi:dinarily, 



^/companion cells can be most readily identified in transverse sections of 
the phloem their appearance as smallj triangular or rounded cells 
apparently located in the corners of the sieve tubes; the two cells together 
outliiiiiig the mother cell from which they have been derived.^/ In some 
(*ases companion cells may extend as narrow cells across the entire width 
of the sieve tube. In the secondary phloem of herbaceous plants, com- 
panion cells are supposedly present in all cases, though where the woody 
cylinder is well developed, as in Lobelia and Solanim tuberosum, they are 
frequently difficult to recognize because of the small size of all phloem 
elements in this type of plant. /In plants with less woody cylinders, 
such as Cucurbita and Ranunculus, the companion cells are of fair size and 
distinct. Companion cells show no great diversity of type, varying 
chiefly in length./ 

Phloem Parenchyma, -^si^renchymsb celh are found in the secondary 
phloem of all plants, except in extreme herbaceous types where secondary 
phloem is small in amount, in some vines, and in woody forms of some 
genera and families which are predominantly herbaceous. The propor- 
tion of phloem parenchyma varies through wide limits. >/ln the gymno- 
sperms, parenchyma cells are relatively few in comparison with the 
number of sieve tubes, a condition fairly constant in all species. In the 
angiosperms, however, there is great diversity. The secondary phloem 
of the seedlings and of the younger twigs of woody dicotyledons is largely 
composed of parenchyma, but in the more mature condition the propor- 
tion of these cells is much less. In some plants, as, for example, Carya 
and Robmia, there are few parenchyma cells in the secondary phloem of 
the older stems; in others, such as species of Gornus, parenchyma may 
predominate, x/tn herbaceous dicotyledons the proportion of phloem 
parenchyma is usually smaller — frequently much smaller — than that of 
" ^ the sieve tubes and companion cells. In many of the Compositae, how- 
ever, the proportion of parenchyma is larger. In some families, such as 
the Ranunculaceae, and in certain genera in other families, no paren- 
S,chyma is present, the phloem consisting wholly of sieve tubes and com- 
panion cells.v/ 

The arrangement of the parenchyma in secondary phloem varies 
as does that of the sieve tubes. Thus, as seen in cross sections of phloem, 
parenchyma may occur in tangential bands alternating with bands of 
sieve tubes and fibers, as in Liriodendrori (Fig. 89, il) and Tilia; in radial 
rows, as in Comus and Sambucus; singly or in groups of a few cells, ah in 
Pinus; or more or less definitely clustered about the sieve tubes, as in 
Carya (Fig, 88, D). In longitudinal section the cells are seen to form 
vertical series parallel with the sieve tubes (Figs. 89, B, C; 90, B, C, D). 

The types of cells found in the parenchyma of secondary phloem 
show considerable diversity. This can be most readily understood by 
a consideration of the development of these elements from the cambium 
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(Chap. VI) . Briefly stated, phloem parenchyma cells are formed directh- 
from parenchyma mother cells, which, in turn, are formed from cambial 
cells. The cambial derivative may develop directly into a parenchyma 
cell, or, as is more commonly the case, divides transversely, forming 
two or more cells. Thus, phloem parenchyma cells may, as seen in 
longitudinal section, be elongated and pointed at both ends, resembling 
the cambial cell from which they were derived, or they may be rectangu- 
lar or cylindrical, ranging from very elongate to nearly cubical or short 
cylindrical. The former, called cambiform cells, are not commonly found 
in the secondary phloem of woody plants, but rather in primary phloem 
generally, in herbaceous types, and especially in vines such as Cucurbiia. 
Parenchyma cells formed by the transverse division of the parenchyma 
mother cell are common in the secondary phloem of all types of plants. 
Where the series of cells from a given cambial initial retains its identity 
(Fig. 90, C), menribers of such a series have been termed divided cambi- 
form cells to distinguish them from those which have become so modified 
in shape that evidence of the origin of the series has been lost, and which 
are known under the general term, conducting parenchyma. Whatever 
may be the value of this distinction in primary tissues, these terms serve 
no useful purpose as applied to secondary phloem where distinct types 
do not exist. In such phloem there is an unbroken series of cell types 
from narrow, elongate cells formed without transverse division of the 
cambial derivative to short, almost cubical cells which have lost all 
. semblance of relationship with the cambial initial. In the woody 
angiosperms two or more types of phloem parenchyma, distinct in form 
and function, are often found in the same tissue. In Tilia americana, 
for example, one type of parenchyma cell is elongate, heavily pitted, and 
usually associated with the sieve tubes; the other, short and broad, 
apparently without an active inotoplast, and usually containing large 
crystals, vin other woody plants, such as Robinia, the parenchyma cells 
are uniformly short and broad with thin walls and abundant pits. The 
secondary phloem parenchyma of herbaceous plants does not show the 
diversity of type shown in the woody plants. For the most part the cells 
are thin-walled and elongate, rectangular, or rounded, in cross section.'^ 
Phloem Fibers and Stone Cells. — Sclei%hehyma of one type or another 
is a characteristic feature of the secondary phloem of many plants. 
✓Fibers are very common and occur in a variety of form and arrangement. 
Frequently, they occur in definite tangential bands, as, for example, in 
Liriodendron (Fig. 89, A) and Populus. In other cases they are found 
singly, as in Cephalanthus (Fig. 88, C). In some woody plants which 
have a hard bark, as in Carya (Fig. 88, D), the fibers make up the greater 
part of the secondary phloem, and may more or less completely surround 
the groups of softer tissues. They provide, when abundant, considerable 
mechanical support for the stem. In Dirca, the twigs owe their tough- 
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ness largely to the phloem fibers. Fibers of secondary phloem were 
formerly used commercially to a considerable extent, and are still of 
some importance. The secondary phloem of various trees and shrubs 
of the Malvaceae, Tiliaceae, Moraceae, etc. has provided bast or 



‘‘bast fibers’’ (Chap. IV) for economic purposes for centuries. The tapa 
cloth of the tropical Pacific Islands is composed chiefly of phloem fibers.^ 
In the gymnosperms are found all conditions from a complete lack of 
sclerenchyma, as in the phloem of Pinus Strohus^ to well-developed tan- 
gential bands of fibers, as in Juniperus^ and large masses of stone cells, 
as in Tsuga. In Thuja occidentalis the fibers are arranged in uniseriate 
tangential rows which alternate with rows of sieve tubes and parench^una. 
Stone cells frequently occur in secondary phloem either alone or in com- 
bination with fibers. In some plants, for example, Platamis and 
Fagus, stone cells are the only type of sclerenchyma present in the phloem. 
In active phloem, stone cells are not generally so abundant as are fibers; 
but, as the phloem loses its power of conduction, the stone cells often 
increase in number. Thus, in the older, living, but probably non-con- 
ducting phloem of the woody plants, they may be abundant and present 
a great variety of form and arrangement. The occurrence of stone cells 
is further discussed in the consideration of the obliteration of the phloem. 

Phloem Rays. — In vascular tissues formed by the cambium, rays are 
usually present. Only in reduced herbaceous types and in some special- 
ized vines, such as ClematiSj where secondary tissues are small in amount, 
are true vascular rays lacking. The diversity of type of vascular rays 
in secondary phloem is, naturally, as great as is that of the rays in second- 
ary xylem; and the rays make up the same proportions of the tissue. 
^j/Vascular rays are, of course, initiated in the cambium and extend into 
both the secondary xylem and the secondary phloem. Thus the phloem 
rays vary in width and height as do the xylem rays. They may be one 
cell wide, as in Castanea and Salix (Fig. 90, D ) ; two or three cells wide, 
as in Pyriis Malus; or several to many cells wide, as in Rohinia 
and Liriodendron (Fig. 89, D); or rays of various widths may exist in a 
speciey^ In the oaks there are two types of ray, one very broad and the 
other uniseriate. Usually, the phloem rays are of uniform width through- 
out their extent. In some cases, however, they increase in width out- 
. Wardly, the increase being due to the multiplicaton of the cells or to the 
, increase in size of cells toward the outer end of the ray. This provides 
the necessary adjustment to the increase in circumferential extent of the 
phloem caused by the increase in the diameter of the axis. v4*hloem rays 
enlarging distally are especially prominent in twigs of certain genera, 
such as Tilia^yThe vertied extent of the ray in the phloem is as varied 
;''m its width, ranging fct- nf two or three cells, m in Thuja, to eight 
to ten centimeter, ray^ of the oaks. Rays consisting of 

ishgte; mw of Mai^ginal cells, different in 
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type from the other ray cells, but parenchymatous, are sometimes found, 

asin&Ha:. 

The abundance of rays is, in part, dependent upon their size. Broad 
rays are spaced farther apart than are those of the narrow type, 
woody plants that approach the herbaceous, habit, as, for example, 
Cephalanthus^ the rays as seen in transverse section of the phloem (Fig. 
88, C) are separated by only one or two rows of sieve tubes or parenchyma./ 
With the exception of the large rays found in some families, herbaceous 
plants are characterized by uniseriate rays occurring at frequent inter- 
vals. In herbs with reduced vascular tissue the vascular rdjs have in 
their evolutionary development been reduced, and in some forms have 
disappeared. 

Phloem ray cells are for the most part of uniform type. iAk woody 
plants, the common form, as seen in cross section, is rectangular and 
radially elongated/ In semi-herbaceous and herbaceous plants the cells 
rend to become cubical or globose. Transitional forms are frequently 
seen in shrubs, such as Cephalanthus, and in “woody” herbs, such as Agri- 
nionia and Potentilla. In such cases phloem ray cells closely resemble 
phloem parenchyma and can only be distinguished from the latter by a 
study of the series of cells back to the cambium and to the rays of the 
xylem. All phloem ray cells are of the parenchymatous type with active 
protoplasts. In age, many of them may become stone cells. A special 
type, of much importance, is the so-called albiminoiis cell, or marginal 
ray cell, of the gymnosperms. These albuminous cells are situated at 
the upper and lower margins of the phloem rays and differ from the 
ordinary ray cells functionally. Apparently they are intimately con- 
nected in function with the sieve tubes. One of the most evident differ- 
ences between the albuminous cells and the ordinary phloem ray cells is 
that the former do not contain starch. Structurally, these albuminous 
cells differ in that they are joined directly with the sieve tubes by sieve 
fields, and, further, are of greater vertical diameter than are the normal 
ray cells. These cells are closely related to the, sieve tubes in their 
development and retain their protoplasts only as long as the sieve tube 
is functioning. Callus pads form within the albuminous cells over the 
sieve-plate-like connections with sieve tubes at the same time as the 
development of callus occurs in the sieve tubes themselves. Albuminous 
cells are in a way comparable with the marginal ray tracheids of the 
xylem. Cells suggestive of albuminous cells in appearance and position 
are found in the phloem rays of some woody dicotyledons, such as Nyssa 
and Cornus; these are not, however, the functional equivalents of such 
cells. In the gymnosperms the albuminous cells have been said to 
functi^^^mjjg^^^^ companion cells in the angiosperms. 

function, tile secondary phloem is a complex 
wue system with most of its parts interr^aisd in a definite manner. 
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Tims, the sieve tubes, companion- cells, and some parenchyma cells are 
structurally adapted to vertical conduction, whereas the phloem rays 
provide a means of horizontal conduction to and from the xylem and 
cambium. Sieve tubes are ordinarily pitted heavily only with other 
vsieve tubes and with companion cells, or in the gymnosperms, with the 
albuminous cells. The parenchyma cells which are given over to crystal 
storage lie usually close to fibers, where they may form extensive rows 
and even completely ensheath the strands of fibers. The different types 
of parenchyma concerned with conduction frequently lie adjacent to the 
sieve tubes from which they are separated only by a thin wall^These 
parenchyma cells are not, however, conspicuously pitted with the sieve 
tubes nor with the companion cells, although they are usually heavily 
pitted with each other upon both their radial and their transverse walls. 
In some woody plants, for example, Castanea a.nd Cornus j the pits in 
these cells are clustered in a way that strongly suggests sieve plates (Fig. 
91, D). Phloem ray cells are frequently pitted with conducting paren- 
chyma of this type, v/^aken as a whole, phloem has to do with the con- 
duction of elaborated food products, both protein and carbohydrate, and 
possibly with mineral nutrients as welL^Just which substances, however, 
move in the sieve tubes and which in the parenchyma is not known. 
From the fact that the proportions of conducting parenchyma tissue to 
sieve tubes show such great variation, and that the latter are almost or 
quite lacking in some cases, as in slender vascular bundles and in primary 
phloem of woody plants, it may be inferred that parenchyma under some 
conditions may perhaps perform the functions of sieve tubes, or that the 
functions of the two types of cells may be interchangeable. 

Another important function of phloem parenchyma is the storage of 
starch and possibly of other organic materials. Such storage occurs 
usually in cells especially adapted to the function, and not in the heavily 
pitted parenchyma cells that serve for conduction. Storage parenchyma 
cells are usually of rather large diameter with inconspicuous pits. Phloem 
ray cells are often papked with starch during the dormant season. This 
is especially true in roots where the phloem rays may be relatively large. 
The comparative absence of sclerenchyma in roots gives more space for 
’the abundant storage parenchyma. Specialized parenchyma cells 
containing various secretions occur abundantly in some secondary 
phloem, both in the vertical system and in the rays. 

As has been previously stated,, the secondary phloem tissues are 
frequently arranged in definite tangential bands. Such layers of tissue 
often have the appearance of annual rings. However, these ring-like 
bands do not have definite seasonal limits as do those of the secondary 
xylem, because there is no distinction between the phloem cells formed 
in the early spring and those of the late summer comparable to the differ- 
ence between spring wood and summer wood. Further, the last xylem 
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ceils formed in a season from the cambium become fully mature and 
lignified before growth ceases. On the phloem side of the carnbiunn on 
the other hand, at the end of the growing season there are usually several 
rows of cells that have not completely differentiated, but whicli remain 
dormant until growth is renewed, when they mature to form normal 
sieve tubes. Therefore, there is no clear difference between the phloem 
cells formed in two consecutive seasons. There may exist a seasonal 
formation of sclerenchyma bands, but it is not known that there is any 
constancy in such growth. In fact, the number and the width of these 
bands of sclerenchyma is apparently dependent upon environmental 
factors and vigor of growth. In tropical plants, new layers of phloem 
as well as of xylem are formed with each “flush'' or period of new growth; 
these have, of course, no distinctness as layers comparable with the 
annual rings of temperate-zone plants. 

Cessation of Function of the Phloem —The length of the functioning 
life of the secondary phloem, at least that of the sieve tubes and com- 
panion cells, is brief as compared with that of secondary xylem. In some 
woody plants the sieve tubes may function for a single season only, and 
in some tropical trees for a single “flush" of growth. In other species, 
and frequently in roots, these cells may be active over a longer period, 
even up to several years. The phloem parenchyma and the phloem ray 
cells— other than the marginal albuminous cells of the gymnosperms— com- 
monly remain alive and apparently in normal condition long after the 
sieve tubes have lost their protoplasts. The cessation of activity of the 
entire tissue appears to be gradual, becoming complete only when peri- 
derm layers have formed within it, depriving all cells of food and water 
supply from the tissues beneath. 

The exact time of loss of function by the sieve tubes is in doubt. It is 
generally believed that these cells function from the time of disappear- 
ance of the nucleus until the protoplast is lost. Recently the opinion 
has been expressed that the functional life of the sieve tube ends with the 
disintegration of the nucleus. The fact that this is the actual condition 
does not seem to have been established, however. 

Closely tied up with the functioning life of the sieve tube is the forma- 
tion of the callus pads over the sieve plates. In many cases these are 
deposited at the end of the growing season, thus occluding the sieve tube 
while the plant is dormant; with the resumption of growth in the spring, 
the pads are dissolved and the sieve tubes again become functional. In 
other cases, however, the plugging of the sieve pores with callus marks the 
permanent cessation of function of the cell. ^ 

The disappearance of the protoplasts of the sieve tubes and companion 
cells certainly indicates loss of function in these cellsv This in many 
cases, as, for example, in Rohinia, QuercuSf and Pyrus, is accompanied 
by, or followed sooner or later by, the crushing and radial flattening of 
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the sieve tubes. This cell destruction is caused by the pressure of the 
growing tissues beneath upon delicate; dead cells. The collapse of the 
sieve tubes may be so complete that a group or layer of such crushed 
cells is represented only by an irregular band of structureless wall sub- 
stance. In some cases even this may be removed by absorption. The 
crushing of the sieve tubes is sometimes spoken of as the ohlitemtion of 
these cells. In many plants, such as Pinus Sirobiis, Robinia Pseudo-- 
Acacia j and Clematis virginiana, sections of phloem in the dormant condi- 
tion show only a narrow band of tissue with the sieve tubes intact, or 
even no mature uncrushed sieve tubes (Fig. 91, B), Outside of this 
region the sieve tubes are crushed and functionless. In other plants, such 
as Tilia and Populus, the sieve tubes may not be crushed for a consider- 
able distance from the cambium, but all those not close to the growing 
region have lost their contents, and thus apparently have ceased to 
function. In other plants, for example, Salix, the sieve tubes are not 
crushed at any time, remaining normal in size and shape even after the 
formation of periderm layers which cut them off from the living tissues 
beneath. It is doubtful, however, if the sieve tubes in any case become 
lignified as the phloem grows old as do many of the surrounding paren- 
chyma cells. 

The changes which take place in phloem as it ages show great diversity 
in minor details in different species, but, in general, involve approximately 
the same phenomena. Simultaneously with, or following, the death of 
the sieve tubes, lignification of many or all phloem parenchyma and ray 
cells may occur. Druses and other crystals are formed in great number, 
both in parenchyma and in the newly formed sclerenchyma. In many 
plants the crystals form in tliin-walled parenchyma, which lies beside 
and often ensheathes the fibers (Fig. 8, K-N). Additional gums, tannin, 
and resins may be deposited in the parenchyma at this time. In annual 
herbaceous stems the phloem probably remains functional throughout 
the life of the stem, or at least until the maturation of the seed. Few 
changes occur in such tissue, although in certain Compositae the phloem 
parenchyma becomes lignified toward the end of the growing season. 

The manner and the extent of sclerification in thh outer secondary 
phloem are varied. In such woody plants as Fagus and Platanus^ 
nearly all cells, with the exception of sieve tubes and companion cells, 
become transformed into stone cells, and the bark is, consequently, very 
hard but not tough. Fibers in these cases may be wanting. Many 
trees, for example, show a mixture of stone cells and fibers in 

old secondary phloem. Phloem rays frequently become lignified at 
their outer ends, that is, m the cells become old. In the oak the cells 
of the broad phloem become lignified when still young and close 
; to 4he^^cambim|i. ;iu Jugl^ns^ and in many other genera, no 

J stohe'^^fe _are consisting largely of hbers. 
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Not always is additional sclerenchyma formed as phloem ages; the 
increase in the proportion of sclerenchyma in the outer phloem of some 
species is only apparent, and is due to the collapse of the softer tissues, 
rather than to the lignification of additional cells. 

The economic uses of the secondary phloem as a source of fibers have 
already been mentioned. Other uses are as a source of tannin, as in the 
case of oak, chestnut, and hemlock bark, and along with the cortex, of 
some spices and drugs, for example, cinnamon and quinine. Secretory 
canals are often abundant in phloem, and the secretions may be of much 
economic value, as in the case of rubber, which is obtained from the 
latex of Hevea and other genera; and various resins, such as Kauri gum, 
obtained from Agathis, and spruce gum, from Picea. 
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CHAPTER IX 


PERIDERM AND ABSCISSION 


In all plants which have secondary growth there is an adjustment on 
the part of the epidermis and cortical tissues to the resulting increase in 
diameter; or, in case the outer tissues are ruptured, some provision is 
inade for the protection of the underlying tissues from desiccation. In 
herbaceous types generally, and in some woody plants, this adjustment 
is accomplished by the proliferation and increase in size of the cortical 
and epidermal cells. These cells in herbaceous plants often do not lose 
their capacity for division until the axis has attained approximately 
mature size, and in woody plants cell division in these outer primary 
regions may continue even after the first year. The comparatively 
short life of herbaceous axes also makes it possible for the outer layers to 
endure the effects of weathering without the renewal of the exposed pro- 
tective tissues. In the majority of woody plants, on the other hand, 
the increase in, diameter of tkiS axis is so great that there is usually some 
special provision for the protection of the inner tissues as the increase in 
diameter takes place. During the early life of the axis, the epidermis 
may increase in circumference by division and expansion of the cells 
siijfficiently to accommodate the increase in diameter. In at least a few 
woody plants, as, for example, Acer pennsylvanicurrij A, Negundo, Meni- 
spermum canadense, and species of (^rnus and Vihurnmn^ the epidermal 
cells continue to divide slowly at least into the second year. In such 
cells the cytoplasm is more .abundant and the nuclei are proportionately 
much larger than in typical epidermal cells. In most species, however, 
the functional duration of the epidermis is but a short time, extending 
over only a few weeks or months. When the epidermis ceases to func- 
tion, a new protective layer, known as periderm^ is formed. 

Structure of the Periderm. — The periderm commonly consists of 
three layers of tissue: the initiating layer or meristem, known as the 
phellogerij or cork cambium; tie layer of cells formed by this meristem 
tdward the outside, the phellem, ox cork; usually a layer formed toward 

the inside, the phelloderm (Fig. 92). 

' Phellogen, — The phellogen is an excellent example of a secondary meri- 
stem in that it arises from living cells that have become permanent. 
It is a lateral in that it:increases the diameter of the axis, cut- 

ting off cells on t]|i^hgehtial' faces for the most part immuch the same 
way as does^^he shape, the pheUogen felte show little 
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variation. As seen in tangential section, they appear polygonal aiul 
more or less isodiametric, except in a few special cases; in transverse 
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Fig% 92. — Periderm. C, cross sections of superficial layer; D, E, cross and radial 

sections of a deep layer, A, in twig of Populus deltoides. The phellogen arose in the 
outermost cortical cells, and has formed four la^^sof phellem cells and one of phelloderm; 
the phellem is capped by the dead, tannin-filled epi^ernjis cells. B, in twig of Solanum 
Dulcamara. The phellogen arose in the epidermis, the outer halves of the epidermal 
ceils have become typical phellem cells; they are capped by the cuticle. No phelloderm 
has been formed. C, in fruit of Pyrus Malus. The outer cells are readily loosened, the 
periderm becoming “scurfy.” Z>, E, in secondary phloem of Salix alba, var. niteHina, 
The phelloderm cells are somewhat irregularly arranged. 

section they appear rectangular and radially flattened. Except in the 
lenticels, intercellular spaces are lacking. 

In the formation of a phellogen layer, matm:<e living cells become meri- 
stematic and form a continuous uniseriate layer of initials. This always 
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o.ccurs in epidermal, cortical, or other tissue where living cells are suffici- 
ently abundant to permit the formation of a layer of considerable vertical 
and tangential extent. When the formation of a phellogen is about to 
take place in epidermal cells, the protoplasts lose their central vacuoles 
and the cytoplasm increases in amount and becomes more richly granular. 
After the formation of this initial layer, tangential, and, to a lesser extent, 
radial division takes place, much in the same manner as does division in 
the true cambium. The derivative cells are normally arranged in radial 
rows, the cells of the phelloderm being less markedly so than those of the 
phellem. In periderm, the number of tangential rows of undifferentiated 
cells present at any one time during the period of activity of the phellogen 
is usually much less than the number of similar rows in the cambium 
zone during the growth period of the cambium. In fact, in periderm the 
only immature cells to be found are frequently the row of initials, the 
cells formed by this meristem having all matured before further division 
of the phellogen. 

In the ratio of the number of cork cells to phelloderm cells formed by 
the phellogen, considerable diversity is shown in different plants. Gener- 
ally, several to many times as many cells are cut off toward the outside 
(phellem) as toward the inside (phelloderm). In some cases, indeed, 
phelloderm may be practically absent; more rarely, it may be even greater 
in amount than the phellem. In the cork oak, Quercus suberj and in 
plants with corky-winged stems, such as species of EuonymuSj Liquid- 
amharj and UlmuSj the phellogen forms great numbers of soft cork cells 
and relatively very little phelloderm. 

Phellem , — The cells constituting phellem, commonly known as cork 
cells, are for the most part uniform in shape, in this respect like the 
cork cambium cells from which thef were cut off, namely, polygonal, as 
seen in tangential section, and often radially thin as seen in transverse 
sections of the stem (Fig, 93). In the maturing of phellogen derivatives 
there is no gliding growth 6r complicated differentiation comparable 
with that which occurs in the formation of vascular tissues. In shape, 
the cells of some types of thin-walled cork may be radially elongated, as 
in commercial cork (Fig. 93, 4, B); in the superficial persistent periderm 
of plants like Betula and Prunus^ the cork cells are conspicuously 
elongated tangentiaUy (Pig. 93, ub, F). Cork cells are lightly fitted 
together and lack intercellulM* spaces. 

The cell wails of cork cells are characteristically made up of three 
layers: the middle lamella? wHch may be either of cellulose or lignified; 
laid upon this, a suberizediaimr, or sitberin lamella; and, next the lumen, 
a cellulose layer, whifh in some cases may be lignified. In thin-walled 
cork the inner, cellulose layer is absent. Often the various layers are 
not readily seen. The jsubstance suberin, which is believed to make up 
the suberin lamella, is simUar in its properties to cutin, in that both are ‘ 
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highly impervious to gases and water, are highly refi 
the microscope, and resist the action of acids. Cor 
species— notably, Quercus suber — is elastic to a higt 


Fig, 93. — Phellem. A, B, C, commercial cork, from Quercus suber, transverse, radial, 
and tangential sections respectively. D, E, F, birch “bark,” from Betula alba, transverse, 
radial, and tangential sections respectively. D and E show a complete (probably annual) 
layer, of two kinds of cells, the larger, thinner cells showing the tendency to rupture which 
causes birch “bark” to peel in thin, papery sheets. 


depending in part upon the elasticity of the cell walls themselves, and in 
part upon a change in the shape of the cells as^lhe stretching takes 
place; in the majority of plants, however,, tjie cork tissue. formed is both 
inextensible and inelastic. "It is to ^ cells— the suberized 
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walls and conipact arrangement— that periderm layers owe their func- 
tional value ill the prevention of water loss. 

A number of different types of cork cells occur. Of the two common 
tidies, one is thin-walled, empty, and radially elongate, making up the 
light tissue of the bottle-cork type; the other is thick-walled, and radially 
flattened, with the lumen filled with dark-staining material of a resinous 
or tanniferous nature. These two types may be found separately in 
different plants or in alternating bands in the same plant, as, for example, 
in Betiila (Fig. 93, D, E). In such a case the resulting ^^bark” is strati- 
fied and separable into thin, paper-like sheets. In rare cases stone 
cells and cells with crystals are formed in the phellem. 

Mature cork cells are non-living and usually without pits. Where 
pits have been reported, they are described as through the inner cellulose 
}ayer (that next the lumen) only, a condition possibly conducive to the 
translocation of materials in the formation of the suberin lamella. 

P}ieIloderm,—Yh.Q cells of the phelloderm are living cells which are 
more or less loosely arranged, and which in most cases do not differ 
from adjacent cortical cells except in that they are arranged more or 
less definitely in radial rows. In some cases they function in photo- 
synthesis and in starch storage. They are normally pitted with each 
other through their cellulose walls as is the case with other parenchyma. 
Stone cells and other specialized cells occasionally occur in phelloderm. 
The term ''secondary cortex is sometimes applied to phelloderm. It 
is, however, more frequently applied to periderm as a whole, this layer 
being a "cortex'^ in the physiological sense of protection. Since the 
periderm often develops secondarily in phloem, however, the term 
"cortex'^ cann^ logically be applied to it. The use of the term "second- 
ary cortex in either sense is clearly undesirable. 

Duration of Periderm. — In the majority of woody plants any given 
phellogen layer functions only for a brief period of time; its component 
cells then mature to form cork cells. In periderm layers of this type there 
is no seasonal regularity of activity. On the other hand, in certain 
species with persiptent, superficial periderm layers, as, for example, 
species of Betula^ Prunus (Fig. 98), and the cork oak, Quercus subevj there 
is seasonal activity of the cork cambium with the resultant formation of 
rather conspicuous bands or layers of cork which probably represent 
"annual rings'' (Fig. 94, B). This condition is readily visible in bottle 
cork, where the rings resemble the annual rings of xylem. In Betula 
also the layering is prominent (Fig. , 93, D, E), It is because of this 
alternate formation of thick-walled and thin- walled cells and the ease of 
rupture of the latter, that birch periderm splits into thin, papery sheets. 

Commercial Corifc.^The development of the periderm layers in the 
cork oak, Quercus represents a case of special interest. Here the 
first forming externally masses of cork 



Fig. 94. — Phellem of Quercus siiber, commercial cork as it comes from the tree. A, 
the weathered outer surface, showing fibers and rays of the secondary phloem, tissues cut 
off and killed by the formation of the underlsdng phellem. B, cross section, showing 
"annual rings,” and lenticels in longitudinal section, the torn phloem fibers of the outer 
surface on the left. C, the smooth inner surface, along which the layer was peeled from 
the trunk, showing cross sections of the lenticels. 
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considerable thickness. The cross section (Fig. 94, S) shows the bands 



which are probably annual layers. 

Extent of the Periderm. — Considered in its entirety, any given 
phellogen layer extends as a sheet of tissue more or less parallel with the 
circumference of the axis. The longitudinal and circumferential extent 
of a layer varies greatly, and is dependent upon the species concerned 
and upon the age of the axis. In twigs, the first layer forms a con- 
tinuous cylinder. In stems the extent of later formed layers is only rarely 
as great, and usually it is much less. In a few cases, as, for example, in 
Fagus gmndif oUa, there may be a persistent superficial layer of periderm 
over the entire trunk and branches up to near the growing points. The 
periderm layer of roots is commonly a continuous layer covering the 
entire surface except the growing tips. In most stems, however, any 
given sheet of cork cambium (after the first) covers only a small part of 
the surface of the axis. Sometimes these layers may be only a few square 
centimeters in area, but in others their extent is much greater. The per- 
iderm layers formed at different times either overlap or . join each other 
so that together .they form a continuous corky covering over the stem 
(Fig.96). 

^Origin of the Periderm. — The origin of the first phellogen layer to be 
formed on the young stem is always in mature living cells in the tissues 
outside the phloem. In many species, for example, Pyrus Malus, 
Viburnum Lantana, and Solanum Dulcamara (Fig. 92, B), the first layer 
of c ork cambium isJ hSfe^ is of more 

common occurrence, however, for the phellogen layer to be formed in the 
layer of cells j ust beneath the epid ermis, as in Populus (Fig. 92, .4), 
Magnolia In such cases the 

epidermis is soon broken and disintegrated. In the potato tuber a 
phellogen arises both in the epidermis and in the subepidermal layer 
(Fig. 96); however the outer meristem does not function. More rarely 
the first-formed cork cambium of stems has its origin deeper in the cor ti- 

pal tisgugg, or even in the pericycle, as in Pihes and Th^', cases 

the outer tissuesT'^Bem^^ food and water, soon die and are 

sloughed off. In £9£t^deejp periderm formation is characteristic, the 
phellogen forming just beneath the eiidodermis and persisting* as a con- 
tinuous layer over the entire root system except near the tips. 

The length of time over which the first-formed periderm layers persist 
as functioning tissue varies greatly in the different woody plants. In a 
considerable number of cases~for example, Fagus ^ Carpinus, and Betula — 
'the original, ^peiidem great many years or, for 

the life of the tree. In these cases the ihcfease in circumference is 
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;h arise successively deeper and deeper in the cortical, and ulti- 
the phloem tissues (Fig. 96). In some cases these internal 
lyers form continuous sheets of tissue parallel with the outer 
r.nnnf>Titric cvUndei's of cork result. Such a condition is found 


the potato tuber (var. Irish cobbler), ri, B, cross sections of 
ahoXg origin of periderm: A, two phellogeu layers anmng, one 
e subepidermal layer; B, the inner 

B, X 100. C, crosQ section of outer part of mature tuper 
f X40. (AfUr Amchwag^r.) 
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iutei'sect or abut upon the older, outer cork layers; thus a lenticular scale 
of cortical or phloem tissue is cut off. 

As the stem increases in diameter with the consequent deep splitting 
of the outer tissue, including the periderm bands, more and more peri- 
derm layers are formed, each more deeply in the stem. Thus the newer 
layers are formed successively in the inner cortex, the pericycle, and the 
phloem (Fig. 96). In old stems all layers, after the first few, are formed 


\pj7loen7 
\\ Xorh)C 
\ 'periderm 
epidermis 


\\ \phhem 
1 '^periderm 
'epidermis 


periderm 


E and penderm 

' 'diving phloem 

Fig, 96. — Diagrams, based on Quercus rubra, showing the position and extent of suc- 
cessively formed periderm layers in a typical woody stem. A, a one-year-old .twig, the 
first periderm layer, a complete cylinder, formed beneath the epidermis. B, a two-year- 
old twig, the epidermis and first periderm ruptured; new, shell-shaped layers formed 
deeper in the cortex. C, a three-year-old stem, the outer tissues weathered away and 
more periderm layers formed still more deeply in the stem, invading the secondary phloem, 
i>, a four-year-old stem, the cortex and outer secondary phloem with their periderm layers 
weathered away, the new cork layers invading the younger phloem. E, the outer tissues 
of an old tree-trunk, showing the narrow band of young, living secondary phloem, and the 
thick, deeply fissured layer of older, dead phloem with its many shell-shaped periderm 
layers; a considerable amount of similar tissue has weathered away. 


in the newer secondary phloem; thus, in tree tranks the majority of peri- 
derm layers have formed in secondary phloem. The formation of each 
periderm layer shuts off all tissues to the outside from food and water 
supply; thus, soon after the initiation of a layer all outer tissues become 
dead. Possibly, the.^fpjmafen,^ periderm layer within is the 

factor controlling the length of activity of the previously formed phel- 
logen. There is thus formed o^ter crust of alternating cork and dead 
^bortical or^ phloem, ^nw^g.up the so-called rhytidome^ often 
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known as shell hark axii scale bark. The German term borke is rarelj' used 
as synonymous with rhytidome. 

The term hark has had many uses which have led to eonsideral.de 
confusion. Thus, in a non-technical sense, bark is applied to the tissues 
which are readily removed when logs or twigs are peeled, that is, to those 
outside the cambium. In a similar way both “bark” and “outer bark” 
have been used to designate the superficial layers of dead tissue made up 
of periderm and other tissues, and “inner bark” to designate the living 
phloem tissues next the cambium. The term “inner bark” has also been ' 
applied to the cambium zone itself. Periderm alone is sometimes called 
“outer bark,” as in Betula, and sometimes “the bark.” Some authors 
have used “bark” as synonymous with “cortex” in the technical sense, 
and still others, use “outer bark” in this sense. ' The further use of the 
term “bark” in a technical sense is. obviously inadvisable. The term 
may best be restricted to non-technical usage as designating all tissues 
outside the cambium, a usage already long-established. The more spe- 
cific terms “cortex,” “pericycle,” “phloem,” and “periderm” may well be 
employed in anatomical usage, and the term “rhytidome ” may be used to 
indicate alternate layers of periderm and dead cortical or phloem tissues. 

The age of the stem at which the formation of periderm starts is 
different in different species and unde r diffe rent environmental conditions, , - 
in woody twigs the first (outermost) periderm forms usually in the first 
season, the epidermis rupturing at that time. In some cases deeper 
periderm formation may also begin in the first year, but this is rare; 
the first layer often suffices for a few seasons, after which the deeper 
layers form. The apple tree and the pear tree begin to form internal 
periderm in the sixth to eighth year. Some species of Populus and 
Prunus retain their superficial smooth bark for twenty or thirty years 
or more, and, as before stated, Fagus and some other genera do not form 
internal periderm throughout the life of the plant. 

All stages in the formation of periderm may therefore be observed in 
a tree of considerable age. In a pear tree, for example, early in the 
growing season the new shoots are covered with epidermis only. E.xterid- 
ing down the stem from such shoots to a region six or eight years old is 
the zone covered by the first-formed superficial periderm, of epidermal 
origin, which gives a smooth, tan or gray-green surface. On the upper 
part of this zone the scaling remains of the epidermis may be seen. Below 
this is a comparatively narrow zone where the internal periderm has 
been formed in spots, but where the outer layers have not yet broken. 

A blotchy appearance is given to this region because of the discoloration 
of the dead tissue cut out locally by the internal periderm layers. The 
surface of these patches may be somewhat sunken because of the shrink- 
! of the dead tissue (Fig. 97, 4 ). : ;This zone shades gradually into a 
r^on of sealy bark whejfe- ft© out# scales' have broken loose and are . 
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Fiq. 97, — The trunk of young, trees, A, Pyrm commuthu, B, F, Malun, showing the 
cracking and scaling of the outer tissues. In A, the smooth, continuous, outer peri- 
derm is cracking, and small, restricted, inner periderm layers are beginning to form, two 
of which, just below the center of the figure, have ‘*cut out’' and killed patches of outer 
tisane. B shows stages ranging from that seen in A to that where the trunk is freely 
scaling over its entire surface. 


ward as the cells are dying. It „is to these masses of sclerenchyma; 
together in some cases with firm or stony periderm cells, that different 
barks, such as those of species of Quercu s ^nd. that;, of Acer saccharum owe 
their extreme hardness. Soft harks, such as that of Magnolia acuminata 
and UlmuB americana^ result from the comparative scarcity of 
sclerenchyma masses and to the presence of soft cork layers. 

Variations in the extent and firmness of the periderm layers account 
in large part for the different methods of bark erfoliation ; thus the scale 
hath of the younger parts of the trunk of Acer ruhrum and Pyrus com- 
vvtmis is the result of the formation of small, isolated, periderm layervS 




dropping off (Fig, 97, 5). Below this on large trunks the bark persists 
in ilbdefined ridges, formed of periderm and dead phloem tissues. 

; . The character of the older bark of different plants is dependent partly 
upon the extent and nature of the periderm layers, and partly upon the 
nature of the cortical and phloem tissues which are cut off by the suc- 
cessively formed phellogen layers. In many plants the outer phloem 
and the cortical tissue's undergo extensive sclerification in which all, 
parenchyma becomes converted into stone cells. This may take place 
in part before the tissues are cut off by the phellogen and in part after- 



PERIDERM AND ABSCISSION 


21,5 



some ox tne rea umvw uiie * ^ 

result the bark adheres tightly to the trunk without exfoliation, gradu- 
ally disintegrating on the surface. , . . , , . , 

In some species the periderm forms definite atecission layers which 
cause the outer bark to be shed in sheets. Thus in Platanus occidentaliH 
the outer bark over the trunk and larger limbs is cut off every spring. 
The “ring bark” of Yitis is shed in a somewhat similar manner, but m 
this case the outer tissues usually hang to the old vine in shreds for some 
time. These abscission layers of periderm have been described a.s 
belonging to two types, one in which a layer of thin-walled unsuberized 
cells is laid down by the phellogen between layers of firmer cork, and the 
other that in which thick-walled lignified cells are formed between layers- 
of thin-walled cork tissue. Either type would cause the periderm layer 
to split under the action of moisture upon the unsuberized tissue and the 
strain set up by the increase in the diameter of the stem. 

Periderm is frequently present in monocotyledons and is often 
associated with more or less suberized primary cortical ce Is to form 
rhvtidome. The periderm rarely, however, contains cells in long, 
continuous, radial rows, as in the gymnosperms and dicotyledons, but in 
most cases is made up of “storied cork,” in which the cells are in short, 
somewhat irregularly placed, radial groups. Such cork occurs m 
7m Am, and Monstera. Rhytidome is present in such forms as Cocos 
Aloe and Cordyline. In monocotyledons the protective tissues which 
take the place of the epidermis when this layer is ruptured are m nearly 
all cases wholly or in part primary cortical cells, secondanly suberized. 
Such hypodermal layers may serve alone, as in the Gramineae, Cypera 
ceae, Orchidaceae, Juncaceae, Typhaceae; or may be combined with 
periderm (of the irregular, “storied” type) to form rhytidome, as m 

Dracaena, Yucca, Zingiber, Asparagus, etc. . _ 

- The Function of Periderm.— The prmcipal function of the peridert 
is protection from drying out, this being accompfehed through the 
constant renewal of the protecting tissues as 
by secondary growth. Cork layers, when of considerable 
may also afford a certain amount of protection against mechanit . 
injury to the tissues beneath. In addition to these functions, the pen- 
derm layers serve for the protection of various specialized structums oi 
plant parts. Thus in fruits and tubers a penderm layer frequently take, 
nlace of a heavily cutinijsed or epidciunih, as in ,i( 

■, .'■rm TTiAtAifjO (Idfif. Oo ) , IH SOilit 
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(Calocarpum mammosum ) — cork layers are particularly well developed 
and give the fruit a gray-brown, somewhat rough appearance. Cork 
layers also occur in the bud scales of deciduous trees, and as wings and 
ridges on many dry fruits (Fig. 131). They also occur rarely on leaves, 
as on the petioles of some species of Ficus. 

One of the special functions of the periderm is the protection of 
wounds through the production of wound cork. About wounds or dead 
tissue in practically any part of the plant (but rarely in leaves), a phel- 
logen layer may be formed in the layers of uninjured living parenchyma- 
tous tissues adjacent to the wound. This layer forms phellem and 
phelloderm in the normal way, thus sealing the wound. Such a layer not 
only prevents water loss from the wound, but also protects the healthy 
tissues against infection by fungi and bacteria. Cork is particularly 
resistant to the action of microorganisms. Tissue dead from any cause is 
usually shut off from that which is healthy by a periderm layer, or by a 
suberized layer formed from preexistent cells which become chemically 
changed. 

Lenticels. — In periderm layers there are, in most cases, certain small, 
restricted areas in which the cells are loosely arranged, small intercellular 
spaces being abundant, and where the thickness of the layer is increased 
because of the loose arrangement of the cells, their larger size, and possibly 
greater number than in adjacent parts of the layer. These areas are 
known as lenticels. They are conspicuous on twigs, and on other smooth- 
surfaced organs, as more or less raised, often somewhat corky spots, 
where underlying tissues break through the epidermis. Lenticels are 
of almost universal occurrence on the stems of woody plants. Only a 
comparatively small number of plants have been reported to be without 
them; among these are Philadelphus, Tecoma radicans, Vitis vinifera^ 
and some other plants, mostly vines, which shed the outer layers of bark 
annually, thus maintaining new tissues in close relation to the outer air* 
Lenticels are also found on many roots and frequently on fruits. The 
purple lenticels of Morns alba are conspicuous on the orange-colored roots. 
The so-called ^^dots^^ on apples and plums are familiar examples of lenti- 
cels upon fruit. 

The lenticel, as a complete structure, is a lens-shaped mass of tissue 
bulging into the cortical parenchyma on one side and causing the surface 
of the organ . to be . raised , on the, other (Figs. 98; 99). In these areas the 
phellogen, insteadpf forming nom rise to large mim- 

bera'^ofTSmwalled rounded, air-filed 

kngwn ^ comple mentary tissue. These cells are only lopsely attached : 
to each other, so that ahtaadant r a di al air .pg/ssagos are preseftt. Two 

H ' 'are recognized, one in whi^h th«i 


ae IS com- 
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d of almost wlicdly unutttiched cells, wlii 
listency. Examples of this latter 


Fig. 98. — Lenticci of a younj>; stem of Prunns serotina iu transvorse section of the stem, 
showing relation to periderm, alternate iajx^rs of closing and complementary cells, and the 
layering of the periderm. 


clo$i^£t cells 
4 . ’^-^ompkmerfht^ 


Fig. 99. — Lenticei of Frwnus avium in transverse section of stem, A number of suc- 
cessive layers of complementary and closing tissue have been formed, and the large amount 
of phelloderm dips inward into the cortex. (A/fer DeraMa;.) 


98, 99), and in the roots of Morm. The masses 
telii i» pl»ce by diaphragms of 
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tissue furmed by the phellogen and known as closing lagers. These 
layers, although sufficiently dense to hold the looser tissues together, are 
tiayersed by radial j,irj)assages, as is the phellogen layer itself. With 
the continued formation of new masses of complementary cells, the outer 
closing layers are broken through. This rupturing is in some plants most 
marked in the spring, when the projecting broken tissue is conspicuous. 

The Origin ofLenticels. ^Lenticles commonly originate beneath stomata 
pig. 100) on the young stems just previous to, oFcoincident with the 
prmation of the firat periderm layer. In fact, inasmuch as the lenticel is 
itseli a part of the periderm, the initiation of the periderm may be said to 
start with lenticel formation. In most cases the formation of the normal 
periderm spreads outward from the edges of the lenticel The time of 
lenticel formation varies, of course, in different species according to the 
duration of the epidermis. In the majority of plants, however, lenticel 
formation occurs during the first season’s growth and frequently even 
before growth in length has ceased. In the early stages of lenticel forma- 
tion the cells immediately below the stoma, or group of stomata, divide in 

a mimber of different planes to form the first complementary tissue 

(buch IS not the case, of course, where the first periderm forms deep in the 
cortex.) These early divisions are followed sooner or later by the differ- 
entiation in the adjoining inner tissue of a normal phellogen layer which 
divides in the tangential plane only. The young complementary cells 
enlarge m size, lose their chlorophyll, and later their protoplasts, thus 
taking on the colorless appearance and light structure of mature comple- 
mentap cells. With the formation of any considerable mass of such 
cells, the epidermis over the growing tissues is ruptured through the stoma 
(hig. 100, A), exposing the masses of complementaryjtissue. With the 
continued growth ome phellogen, the epidermis around the opening of 
the lenticels becom^hrust back as flaps of tissue, and the pale masses 
or complementary cells protrude. 

The Duration of Lenticels.~The duration of a given lenticel depends 
upon the formation of internal periderm. In those plants which form 
in%5ll.gnderin.aarly, .the lenticel may be cut off and tefby the exfoli- 
ation of the outer tissues. On the other hand, in plants with persistent 

and Prunus avium, the lenticel 
for a great many years. In suchTases the lenticels become 
greatly elongated tangenti^y, due to the increase in circumference caused 
by secondary growth. This is also the case in some roots. The elongated 
lenticels of birch and cherry trees form conspicuous markings on the 
smooth b^k. Inmch cases the phellogen layer of the lenticel is increased 
in extent by radial diversion of its cells at about the same rate as is that of 
tneadjacent periderm. 

■nVith the formation of internal periderm new lenticels are formed by ‘ 
the specialized functioning of the phellogen. as is the case in the 
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of leiitieols ill: the; superficial periderm layers. Here the lei]<icc*ls are <i 
placed with reference .to cracksun. the outer bark tissues ihuf inistaiu 
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Fkl lOO.—Early stages in lentkel formation. A, the lentie 
ariscni beneath a stoma, and the development of the first compleme 
the epidermis. the enticel (only one-half shown) is well deveio] 


interchange is still possible iliirough them. In Qmrcm mhhr, where the 
phelle#; may be several cwtiiioeters thick, the lenticels persist, 
fonaiag tubulai mwsee viiy 'kiose 'bomplettieiitaty tissae reaching ,to. 
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the surface (Fig. 94, B, C), It is this lenticel tissue which forms the spots 
of dark, porous, crumbling tissue in commercial cork. Because of the 
presence of these pervious radial cylinders of tissue, bottle corks are cut 
vertically from the cork sheet so that the lenticel tubes extend trans- 
versely" through them. Very broad corks are cut radially, and are not 
‘'^tight,'^, because the lenticel tubes pass through them vertically. 

The number of lenticels on any unit of surface area varies greatly 
with different species. In some it is dependent upon the number of 
stomata or groups of stomata; in others, however, lenticels maybe formed 
in places between the stomata, if stomata are few : or if stomata are abund- 
ant, lenticels may form under only^ a small proportion of them. 

Where the vascular tissue contains multiseriate rays, lenticels are 
found to be placed opposite these bands of tissue, suggesting that the 
ray and the lenticel together may^ form radial passages for gaseous 
interchange. 

The commercial uses of cork are well known and are confined almost 
entirely to the cork of the cork oak, Querciis suher. The thin, tough 
sheets of cork from the canoe birch, Betida alba, and related species, have, 
of course, been important in the North American Indian civilization, 
but find little use today^ The properties which make commercial cork 
valuable are the impervioiisness of its cell walls to water, its lightness, 
toughness, and elasticity^ „ 

The Abscission of Leaves. — The pteridophytes and many herbaceous 
angiosperins, both monocotyledons and dicotyledons, retain their 
leaves after the death of these organs, and the leaves gradually decay or 
are torn away. But in the gyminosperms and the woody dicotyledons 
generally — less commonly in herbaceous dicotyledons and monocoty- 
ledons — the leaves are shed sooner or later by the formation of definite 
abscission layers. Though the details of abscission in these plants are 
unlike in different species, the fundamental stivicturaF modifications 
involved in leaf fall are the same in all cases. There is developed a well- 
defined separation layer, or abscissio7i layer, which is the immediate 
structural cause of leaf fall, and also a protective layer which seals the 
underlying tissues against desiccation. 

At the base of the potide in the majority^ of species there is a short 
transitional region in whiph the sclerenchymatous tissues of the petiole 
and those accompanying the leaf traces are either reduced or wanting, 
and where the parenchyma cells have more dense cytoplasm. In this 
zone of tissue the sepa rafipn layer is formed. This layer consists of the 
parenchyma^cells^pf^a^j|§rrpwjmn^ dose to the base of the 

petiole (Fig. 101, A). This band is usually several cells wide, but varies 
somewhat in this respect in different plants.# In tliis l.ay’^er 

Bisolves at the time of leaf-fall.-" 'Ih some cases, and perhaps commonly, 
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the cellulosse yecondaiy wall also is affected; the outer layers of this wall 
dissolve, and only a thin, inner layer of cellulose remains about the proto- 
plast. Chemically, the changes involved are apparently the coavtu-sinn 
of cellulose into pectose, and of pectose into pectic acid and pectin. The 
))cctie acid and pectin become gelatinous,, and the calcium pectate of tlie 
niiddle laineUa breaks down. The cells then become tlefinitely .separated 
from one another. All parenchyma cells of the region, including tho.se 
of the vascular tissues, are involved in this change, so that the leaf is 
finally supported only by vascular elements. The abseis.sion of the leaf 


pefiok 

abscission 


A 

Fig. 101. — A, diagram to show leaf abscission layer; radial section through twig and 
leaf base in Jugla7is cinerea. Tlie abscission layer extends through tlie vascular bundle 
only in parenchyma ceils; all other cells are broken mechanically. B, detail of ceUuiar 
structure of a small part of the layer three wrecks before leaf fail; the cells of the region 
have divided a few times, the adjacent tissue being slightly compressed by growth of the 
new ceils. No further changes occur until the cell walls begin to break down. * 

is then brought about by the mechanical rupture of the vessels, tracheieJs, 
and sieve tubes by the ^weight of the. lea and by wind and frost action. 
Minor variations from the above method of leaf abscission, which is that 
occurring in Castanea, are numerous. In some forms, such as JiiglanSy the 
cells of the separation layer divide a few times, without regularity of 
plane of division, before the cell-wall changes begin to occur. 

The >separation layer is often distinguishable days and even weeks 
before the leaf falls., as a layer of cells distinct from those above ami below 
by different (usually smaller) size and shape, and by more dense cytoplasm. 
Further evidence of preparation for abscission is frequently to be found 
in the stoppap of the vascular tissues in and below this region by tyloses 
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and by gums of special types. In this manner pKjtection is secured for 
the Aniscular strands. 

Other tissues are protected by the formation of a layer of “ligno- 
siiberized'' cells just below the separation layer. In these cells the 
inner wall layer is suberized; the outer lignified. In the simpler cases, 
this layer is formed by the chemical transformation of the walls of the 
cells in the leaf base below the separation layer, without division among 
these cells, a condition found in Acer and Pyrus, In other forms, illus- 
trated by Primus and Juglans, the cells next the separation layer divide 
irregularly before the change occurs. In Salix and Populus a protective 
layer for the abscission wound is formed by the activity of a definite cork 
cambium; in these cases the cells of the protective layer are typically 
phellem. In the first two types also, periderm la3mrs later arise deeper 
in the tissues of the leaf base to reinforce the protective layers. The next 
season these leaf scar periderms become joined with the stem periderm, 
completing the continuous corky covering of the stem. 

The protective laj^er may be formed either before or after the fall 
of the leaf; periderm layers are formed after the protective laj^rs 
develop, except in Salix and PopuluSj where the periderm lay^er consti- 
tutes the protective layer, and develops before the leaf is cut off. 
In some plants, as in Tiliaj the old leaf scar itself is cast off the next 
season at the periderm la^^er, so that the periderm c^dinder of the twig is 
smooth. These periderm la^^ers over leaf scars form in the same way as 
does the normal stem periderm, the phellogen extending as a sheet of 
dividing cells through the living tissues of the old leaf base. In some 
cases phellogen cells develop even in the tyloses within the vessels, and 
thus the entire wound surface is effectively sealed with a layer of cork. 

In those herbaceous plants in which abscission of leaves occurs, as, 
for example, Coleus, the method of separation of the leaf is essentially 
the same as in woody plants. 

The Abscission of Branches. — Probably the most common example 
of branch abscission is the shedding of inflorescences and fimits, a phe- 
nomenon which occurs with nearly all plants. In some genera, to be 
sure — as, for example, Rhus and Syringa — the old flower and fruit clusters 
are not shed, but remain attached to the plant until they decay. In 
the majority of genera, however, these structures are cut off from the 
parent plant by definite abscission layers. Thus, in such plants as Aescu- 
lus, large flower and fruit stalks are shed by the formation of definite 
abscission layers which form in the living tissues at the point of attach- 
ment of the peduncle.. This process is apparently closely comparable 
with that which occurs at leaf fall in the bases of leaves, since both leaf 
bases and peduncles have a considerable proportion of fleshy, living 
tissues. It is probible'-thal to inflorescence abscission in general there is 
formed to .an'a&cission layer the cells of which separate 
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readily, and the non-living vascvilar tissues are broken aeioss luecliani- 
eally. The surface of the wound is in most cases sooner or later ru'otectfa! 
by a periderm layer which forms a smooth scar except for the prot rudiug. 
broken strands of xylem. The inflorescence scars of Atseuhis aiv a 
familiar example. Similar abscission phenomena are fouml in t he ^^u‘d- 
ding of single fruits, such as apples and plums, and the duster Ijasi-s r,! 
pears. The cutting off of the tips of leafy shoots is characterLstic of many 
genera which have indeterminate growth, such as Ailanthu.-<, 

Celtis, and Prunus (plums). This abscission occurs cliiefiy while tlie 
twig is still green and succulent, but leaves a conspicuous scar. In .-ome 
herbaceous plants, parts of the main axis as well as inliorescences tind 
leaves may be cut off' under special conditions. Thus tlu' severed 






Fig. 102. — Branch abscission. A, B, Populus grandideutnia; -I, convex ends cff recently 
shed branches; B, concave branch scars. C, end of large branch of Agath^s anAiraUs. {A, 
B, natural size; C, X M*) 

stems of Bryophyllum when left to dry on a laboratory table have been 
observed to lose all appendages and the upper part of tlie main stem by 
abscission. In such abscission the cells of the separation layers prob- 
ably undergo changes similar to those descrilied for the separation layer 
of leaves^ in which gelatinization of the middle lamella and of part of 
the secondary wall takes place. 

In the above-described cases of branch abscission only those branches 
have been considered in which a relatively small proportion of hard vascu- 
lar tissue is involved. In these plants the separation layers form in 
relatively fleshy living tissues and the xylem is ruptured mechanically. 
In some woody plants, however, strands or cylinders of vascular tissue of 
considerable size are cut off naturally by abscission layers which 
apparently extend through the xylem. Thus, in Jigatkis (Fig. 102, C), 
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brandies even two inches or more in diameter are shed, leaving sinooth 
scars on the tree trunk. Similar phenomena, involving branches of 
smaller size, are found in species of I'hnuSj P opulus {¥ig. 102, A, B), 
Que^rcus, Dirca, and in other woody plants, both gymnosperms and 
angiosperms. The mechanism and the histological changes involved in 
such abscission have apparently not been extensively studied and in 
many cases are not well understood. In general, they are similar to those 
involved in leaf fall, in that there is usually the formation of a definite 
separation layer through which the rupture occurs, and the wound thus 
formed is later protected by the formation of a periderm layer. 

In Populus grandidentata many of the smaller limbs are swollen at 
the base where they are attached to the trunk or main branches. This 
swelling consists largely of a thickened fleshy cortex in which stone cells, 
but no fibers, are present. Tlie xylem cells in this region are conspicu** 
ously modified, as compared with those of the normal internode, in that 
the vessels are closely fitted in a scalariform or reticulate manner, 
whereas the normal vessels have crowaled circular pits. Further, the 
vessels,_fibers, and other cells are not lignified, ^their •walls apparently 
consisting of cellulose. Parenchyma cells are also more abundant in this 
abscission zone of the xylem tlian els ewdigr e In this tissue. Through the 
living cells of this zone— both of the xylem and of allother parts — the 
abscission layer is formed, as in leaves at time of leaf fall. The paren- 
chymatous tissues of the cortex and phloem separate easily, and the 
non-lignified vessels and fibers, already weak owing to their chemical 
nature, are readily ruptured because of the transverse, scalariform 
pitting. Following the fall of the branch, a periderm layer is formed 
within the living tissues of the branch base close to the main axis. Either 
by mechanical force or by dissolution, this layer cuts off the ends of the 
already broken scalariform vessels and extends as an unbroken sheet 
across the entire wmund area, becoming continuous on all sides with the 
periderm layers w^'Mch cover the main axis. Similar periderm layers 
iojxa in Birca paliLuiru. 

It is probable that abscission phenomena such as are described above 
occur in a considerable number of plants. There are, however, others, 
as, for example, those which occur in Salix nigra. Here no definite 
abscission layer exists, but just above the base in the smaller branches 
there is a weak zone through which rupture occurs very readily. 
Examination of this region reveals the fact that the cortex is considerabl}^ 
thicker here than in the normal internode, and,.|lie tissues outside the 
cambium are wholly lacking in fibrous sclerenchyma, whereas these 
strengthening cells are abundant in the cortex and phloem elsewhere in 
the twig. The xylem in this region is also modified, being less lignified 
than normally. Owing to this condition the fracture of the xylem occurs 
straight across the grain/ and in this case the fall of the branch is not 
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followed by the formation of a smooth ■periderm layer. ■ The dead stub 
usually persists until buried' by the secondary growth of the axis. Other 
methods of branch abscission doubtless also occur. 
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CHAPTER X 


THE ROOT 


That part of the plant axis which normally develops beneath the sur- 
face of the soil is commonly called the root as distinguished from the 
aerial portion of the axis, the stem. There are, of course, roots that 
aerial and stems that develop underground, but m the mam the distinc- 
tion is valid. From the standpoint of anatomy, however, there are 
differences between root and stem which are fundamental in that they 
are concerned with the arrangement and method of development of the 
primary tissues. Thus the primary xylem in the root is exarch, as con- 
trasted with the endarch condition in the stem (typical of gymnosperms 
and angiosperms), and the root has radial arrangement of vascular tissue, 
with alternating strands of xylem and phloem, whereas the bundles of 
stems are collateral, bicollateral, or concentric. Roots differ further from 
stems in that the former do not have appendages comparable with leaves, 
do not give rise directly to flo’wers, lack stomata, and form lateral branches 
from relatively permanent tissue in the pericycle, rather than from the 
promeristem at the growing point. Other differences are the presence 
of the root cap, a structure wholly lacking in stems; the almost universal 
occurrence of an endodermis, which is frequently lacking in stems; and 
the usual peri cyclic origin of the initial periderm layer in roots, a condition 
found only rarely in the normal aerial axis. 

Function of the Root. — The function of the root is twofold. Physiolog- 
ically it is the absorbing organ of the plant, taking up water and mineral 
salts in solution and conducting thena to the stem; mechanically, the root 
anchors the plant, and in most plants holds the stem erect in a way that 
makes possible the support of a large leaf surface. Absorption takes 
place for the most part by diffusion through the walls of the root hairs, 
although in some cases — for example, species of Ranunculus — ^root hairs 
are wanting, and water enters the root directly through the thin-walled 
epidermis. Water may be also absorbed through the epidermis of the root 
in the region distal to the mm of root hairs. Usually the older roots and 
those in which secondary thickening has taken are incapable of 

absorption and serve only for conduction, support, and storage. Roots 
are adapted to their rdle as supporting organs b}^ their tensile strength, 
their flexibility, and their extensive ramification through tie soil 
. . Origin of the Prima^ The continuation of the: axis, asythe 
main 'root, is often calM:.ihe; all branches of this being' 
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secondary roots, ^ Primar}^ and secondan^ roots differ intlieir inodeof 
The primaiy root is present in' early stages' of the seedlii'ig, in soino ea>f‘s 
^iii the embryo within the seed.. The. apical growing region id the-* pri^ 
iimry root is; developed as a part of the differentiation of the e!uhry«u mu* 
end of the axis possessing root structure, or at least root-fip merislum. 
The origin of secondary roots as lateral structures is discussed Iniov i!i the 
chapter. Between the root and the stem, a transitional rf^gion is foriiu'd 
in which the exarch xyleni and the radial structure of tlu^ rt)ot [)ass own* 
into the normal stem structure. The anatomy of this ix'gion is dis«*usset} 
in Chap. XI. 

% The Root Cap. — The promeristem, or growing region, of the root is 
near its apex. Here rapid cell division takes place and iIk* genem! axis 
structure is laid down (Chap. III). In the pteridophytes theiv is usually 
a single apical initial which cuts off’ cells in a number of planes. In 
the seed plants generally, there is a group of initials taking part in the 
formation of the axis proper. (Jn either case cells are cut off by the* apical 
cells not only aw^ay from the direction of growtii, but also ahead of 
the meristem. These latter cells are relatively few in nund>er and form 
a cap-like structure over the tip of the growing region, whicli is known as 
the root cap )(Figs, 25, 28). The root cap is characteristic of roots.) In 
origin it shows considerable variation: in some eases there is a definite 
initial layer, or cahjptrogen, formed early in the ontogeny of the root, 
which constantly renews the root cap from within as its outer parts are 
lost; in others the cap is renewed by the division of cells in the dermatogen 
or in the outer layers of the periblem; in still others it is formed directly 
by the principal initial cell or initial ceils whi(di cut off rooi-(*ap cells 
toward the apex. The root cap persists throughout the growing life of 
the root and serves to protect the apical meristem as it is for(*ed through 
the soil. The cells at the very apex of the root cap are iisualiy only loosely 
united and are sloughed off continually. Root caps are lacking in most 
aquatic plants, in parasites, and SQU^e other sp(^cialized types of plants. 

Ontogeny of the Root.^Behind the apical cells there is a’ region of 
rapid cell division and elongation (Fig. 25). In this region, as in the cor- 
responding region in stems, the foundations of the primary stnudure are 
laid down and first become evident in the three general regions known as 
the dermatogen, periblem, and plerome. The fact that these regions are 
without constant morphological significance has been brought out in 
Chapter III. The teims may, however, be usefully applied as distinguish- 
ing certain regions in the ontogeny of the axis, particularly of the root, 
where these regions are generally more or less definitely set off and are 
not confused, as in the stem, by the formationof branches and appendages. 

The region of elongation in roots is not of such great extent as that in 
stems, a condition which is probably an adaptation to the clifficiilty of 
' ■ ’growth through the soil. By the increase in the size of the cells in this 
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region the root tip is forced through the soil, the direction of growth 
being determined locally by obstructions, and in general by the geotropic 
and ehemotactic responses of the root tip. As soon as elongation ceases, 
the tissues become permanent and no further longitudinal increase is 
possible. 

The mature primary tissues differentiated in roots are essentially simi- 
lar to those found in stems. Thus the outer layer is the epidermis, and 
beneath this, in some cases, is a more or less welhdeveloped hypodermis 
(Fig. 103, A), or subepidermal layer, of cortical origin. Beneath this, in 
order, are the normal cortex, endodermis, and pericycle, \Yhich are cylin- 


A B 

Fia. 103. — Root structure, as seen in cross section. A, a root without secondary 
tissues, Ranunculus acris; the protostolie cental cylinder is pentareh; the parenchymatous 
cortex is fleshy, with large intercellular spaces, its outer layers have become suberized 
and form a hypodermis; the epidermis and subepidermal cortical cells are decaying. R, a 
woody root, with large amount of secondary tissues, Populus deUoides; a periderm has 
formed in the fperieycie,'^ and the cortex is sloughing off. (The central parts of similar 
roots are shown enlarged in Figs. 104, D and 105, A, respectively.) 


drical layers of tissue enclosing the strands of xylem and phloem. Pith 
is typically absent in roots. 

Root Hairs. — The most characteristic features of the epidermis of 
roots are the uncutinized cell walls, the lack of a cuticle, and the root hairs 
(Fig. 53), which are the specialized absorbing organs. In the great 
majority of plants, root hairs are confined to a part of the root just behind 
the region of elongation. Generally, they persist for a short time only, 
the older root hairs withering away and new ones being formed farther 
along the root as the root tip increases in length. Thus the root hairs 
mature progressively farther and farther away from the base of the root, 
and in this way are constantly coming into contact with new soil. iln 
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certain plants/ particular^ some specialized herbs and plants of aqnatie 
habitat, root hairs are, wanting. ) Even roots on .which root hairs mould 
normally be present in soil may lack them m^heii grown in water. Oxi the 
other hand, a considerable number of plants—as, for exainple, t/hd/P/e 
irincanlhos and Eiipaiontim ptirpurewn — have persistent root liairs, mliieh 
inay be generally distributed or may be confined largely to the p3*oxinia! 
parts of the .roots. ,The presence of persistent root hairs is correlated 
with the comparative absence of secondary growth and the lack of j)eri- 
derm formation. Soon after the root hairs cease to functicin and witla^r 
away, the epidermis, or often the hypodermis, becomes suberized and 
forms a protective layer for the older root. 

In the formation of a root hair the outside mail! of the epi(lei*nuii 
cell grows out to form a slender tubular structure somewhat res(nibling a 
pollen tube. The cell wall is very delicate and translucent, giving the 
root hair a white appearance. The protoplast of the epidermal cell 
extends into the tubular expansion as a lining of cytoplasm over file 
en t i i*o wall, which surrounds large interior vacuoles. The nucleus is usually 
present near the middle or the distal end of the tube. In water or moist 
ai]‘, where no firm obstacles are encountered, root hairs are straight and 
avssume a position at right angles to the root axis. In the soil, however, 
they may take on any shape, their form being dependent upon the con- 
tacts with the soil particles (Pig. 53). Frequently, the root hairs become 
more or less firmly attached to the soil particles, so that the particles 
cannot easily be removed, even by washing. 

The Cortex of the Root.— The cortex of most roots consists wholly 
or largely of relatively unspecialized parenchyma (Figs. 103, 104). As 
compared with the cortex of the stem, the root cortex is usually tliicker 
in proportion to the size of the axis, a condition perhaps brought a!)out 
as an adaptation to the function of storage. In some fleshy roots the 
thickness of the cortex is many times that of the stele, which appears as 
a slender thread or core extending through the spongy cortical tissue. 
Generally, the cortex of the root is not so firm as that of the stem of the 
same species, in that scelerenchyma is relatively small in amount or \vant- 
ing in the root. Also the cortical tissue of roots is not so dense, having 
more intercellular spaces than that of stems. Secretory cells, resin 
ducts, and similar structures are normally present in the root cortex of 
many species. Special structures adapting the cortex to particular func- 
tion or environment often occur. In roots which have no secondary 
thickening the cortex may persist for a number of years or throughout 
the life of the root. Such is the condition in the roots of monoeotyledons, 
pteridophytes, and many of the herbaceous dicotyledons. Naturally, 
when secondary thickening takes place to any extent, as is the ease in 
woody dicotyledons and gymnosperms, and in many herbs, or when an 
internal periderm layer is formed, 'the cortex is soon destroyed. ■ 
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Fig. 104. — The primary structure of the stele of roots. A, young root of Scdix nigra, 
tctrareh ; only the outer parts of the xylem strands are mature; the phloem is hardly separiable 
from the parenchyma and the procambium; the thin-wstlled endodermis is evident. " B, 
polyarch root of Fdygonatum hifionim; a small, irregular pith is present; the phloem, and 
the endodermis are seen indistinctly set' off from surrounding cells. C, polyarch root of 
Smilax herhacea; the pWoem strandsaredark-stained; the xylem strands are distinguishable 
with difficulty from the sclerenchyma in which they are embedded, but the darker-stained 
protoxjdem region and the large innermost vessels limit the strands; a large pith is 
present; tho-- thick- walled endodermis is prominent. D, pentarch root of Rannncidns 
acris: no pith is ’ ’ ' ' . ’ , , 
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Limiting tlie cortex on the inside, and frequently considered to be a 
part of it, is the endodermis (Fig. 104). This layer is present almost 
without exception in the primary body of roots. Its structure and its 
function have been described in Chapter V. The endodermis is, of course, 
destroyed soon after the incidence of secondary growth. In the majority 
of species, therefore, its functioning life is short. 

The Pericycle of the Root, — The pericycle of roots, as eompare^i with 
the cortex, is a relatively narrow zone of tissue. Its component cells 
are largely parench 3 anatous in nature, and, although they become per 
maneiit tissue early in the development of the root, they retain their 
ability’ to initiate new structures b^’ the formation of secoiidarv rtieristems. 
It is in the pericycle that lateral roots are initiated, and, in the majority 
of cases, the first periderm layer is formed. In many roots the pericycle 
as seen in transverse section, is an unbroken ring of tissue. In a few 
plants, however, the bands of primaty x\dem abut upon the endoderiuis, 
in which case the peric^nde is divided into as many segments as there are 
arcs of xylem. The pericycle is common^ a persistent structure in 
roots even where secondary thickening is fairly well developed. In 
such cases new cells are added I)}" the division of the existing parenchyma 
so that the layer is not ruptured by the growth beneath it, and appears 
much as does the cortex of stems after growth under similar conditions. 
With continued secondary growd-h in the older roots of woody plants, 
periderm layers are formed in the phloem, and the pericycle is thus lost. 

The Primary Vascular Tissues of the Root—Becaiise of the radial 
arrangement of the strands of primary xylem and phloem which is charac- 
teristic of roots (Fig, 104), there are no concentric zones or rings of these 
primary tissues in roots similar to those found in stems. The xylem, as 
seen in transverse section, occurs as radially extending groups of cells 
with the first-formed protoxylem situated at the outer ends of the rows 
of cells (Fig. 104). Thus in the development of the strands of primary 
xylerp the first cells of the procambium strand to mature into xylem are 
those situated in the pericycHc region next the endodermis. From this 
point xylem cells are matured progressively towards the center of the 
stele (Fig, 104, A), until in the majority of cases they abut against 
those of the other xylem groups (Figs. 103; 104, D; 105). In this way 
the meristematic cells in the center of the stele commonly develop 
somewhat late into xylem cells, and a pith is absent. The roots of the 
monocotyledons frequently possess pith (Fig. 104, jS, C), as do those 
of numerous other plants, especially herbs. Tap roots and other large 
main roots may possess pith even when other roots of the same plant are 
pithlesl Where a pith is present, the central meristematic tissue has 
developed into parenchymatous tissue instead of xylem* 

The number of area of xylem varies through rather wide limits in 
toonpSi of plants (Pigs. 104, iOS). ^Thus in the roots of mono*- 
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cot 3 dedoiis a large number of radial plates of primaiy xylem, for example, 
fifteen or twenty, is often found. In most dicotyledons, both woody and 
herbaceous, and in the g 3 ^mnosperms, relatively" few primary xylem 
strands are present. Pteridophytes also have few strands. Roots are 
known as diarchy triarchj tetrarch^ pentarchy etc., and polyarc/i, 

when the number of xylem groups is one, two, three, four, five, and many, 
respectiveh" (Figs. 104, 105). The number of xylem and phloem strands 
is to some extent constant for a species. However, most species show 
considerable variation, being either diarch or tetrarch, or triareh or 


Fig. 105, — Central portions of protostelic roots with secondary thickening. A^ a 
woody root, Popiihis deltoides, tetrarch; the smali-celled, tapering protoxylem tips of 
the i>rimary xylem ridges project far into the secondary xylem, which closely surrounds 
the primary xylem, no definite line of demarcation being visible except about the ridges, 
n, a storage root, Tephro$ia viroin7'ca, triarch; the primary xylem is small in amount, with 
a median ves,sel; the protoxylem points lie at the ends of the wide i:>arenchymatous wood 
rays; the secondary xylem consists largely of parenchyma. 


hexarch, for example; less commonly triarch or tetrarch, pentareh or 
hexarch. Often the different roots of an individual vary in structure — 
in some pines, for instance, the vigorous and main roots are tetrarch, 
the others diarch; In individuals of other species of pine, hexarch and 
tetrarch roots occur. 

Spiral and annular elements are not found so frequently in the proto- 
xylem of roots as in that of stems, and when present are fewer in number, 
probabty because of the fact that the region of elongation in roots is 
relatively short, and because in roots very few xylem elements mature 
during the elongation stage, developing rather in the 2 :one of growth just 
behind this, where there is m# elongation.. The region of elongation of 
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rapidly growing stems may be 8 or 10' cm. or more in lengtii, whereas 
that in roots may be only a single centimeter; more or less. The region 
w’ here greatest absorption takes place., namely, that normally covereri 
with root' hairs, is behind the zone where growth in length ttikes pltnaw 
Wafer-conducting elements capable of elongation would, therefore, he of 
no particular value there, as the conditions to which they are an adai>i a- 
tioii do not exist. It is evident that in the stem the function of ringcal 
and spiral elements is to conduct water and nutrients to the growifig tip. 
The root tip, on the other hand, is surrounded by moist soil and ahmrhs 
water and nutrients directly. Food materials must, of course, be von- 
ducted from stem to root tip through the phloem and pareDehymat<i!i< 
tissues. 

The primary phloem of roots occurs as strands of tissue lying between 
01 ' alternate with the radially extending plates of xylern (Figs. 104, iOO o 
As a rule, the groups of primary phloem cells as seen in transverse section 
are more or less rounded or somewhat triangular in shape and are sepa- 
I'ated from the xylem groups by parenchymatous tissue. Frequently, 
the phloem groups are not well defined but merge into tiie surrounding ^ 
parenchyma which they resemble in cell types. The direction in which 
the protophloem cells mature is in most, perhaps all, cases centripetal. 
The order of development apparently has no morphological significance 
and no types are recognized as in the xylem. 

The primary phloem of roots consists of sieve tul.)es, companion cells, 
and parenchyma, and differs in no fundamental way fj'orii that of stems. 
As with all primary phloem in plants where secondary tissues are formeil, 
the size of the elements is small compared with that of normal secajiidary 
phloem cells. The phloem of monocotyledonoiis roots is ordinarily 
more distinctly set off from the surrounding parenchyma or sclereneh 3 una 
than is that of other groups. 

Secondary Growth in Roots.- — In roots which have secondary thicken- 
ing the cambium originates as bands or strips of meristem in the pro- 
eambial or parenchymatous tissues between the groups of primary 
phloem and the center of the stele (Fig. 106, A). Here short tangential 
rows of initials are formed which cut off secondary xylem cells toward the 
inside and phloem cells toward the outside according to the normal 
method of cambium activity (Chap. VI). From the ends of these first- 
formed cambium segments the layer of initials is extended laterally l>y 
the differentiation of the parenchyma between the primary phloem and 
xylem strands until the segments of cambium meet in the perieyelc 
between the xylem and the endodermis (Fig. 106, jB). Thus a continu- 
ous cambium sheet or cylinder is formed, which is not circular in cross- 
sectional shape because it bends out around the primary xylem groups 
and dips inward beneath the primary phloem* Secondary tissues are 
formed earlier by the segments of cambium inside the primary phloem, 



.4.V INTRODUCTION TO PLANT ANATOMY 


and usually more rapidly in those regions, so that the cambium soon 
becomes cylindrical (Fig. 106, D). With the formation of the secondary 
tissues the primary phloem is crushed (Fig. 100, B, C) and the endodennis 


Fig. 100. — Diagrams to show origin of secondary growth in roots, the primary xyiem 
lightly cross-hatched, the secondary closely; the primary phloem finely stippled, the sec- 
ondary coarsely; the cambium represented by a heavy line; the endodermis and other 
layers not differentiated. A, young root; the inner xylem not mature; the cambium 
.arising in the positions shown by the dotted lines. B, the cambium has formed secondary 
xylem and phloem beneath the primary phloem, the regions where it first appeared, and 
has developed laterally, surrounding the tips of the xylem ridges, where no tissues have yet 
been formed; the primary phloem is crushed, C, secondary growth has continued, tissues 
forming about the ridges completing the three-angled cylinder of secondary xylem and 
phloem; the primary phloem is still further crushed. Z>, with continued secondary growth 
the cambium cylinder has become round in cross section; the primary phloem has disap- 
peared. (A band of parenchyma is shown between primary and secondary xylem; this is 
often lacking.) 


ruptured. The erashpd eelk are usually soon absorbed. The primary 
xyl^^^ho!^^^ being readily visible in older rpote, 
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The secondary vascular tissues of the root do not differ fundamentally 
from those in the stem. Such differences as do occur are apparently 
the result of adaptations to differences in function, the stem being adapted 
to the support of a large leaf surface in drj>- air and the root to anchorage 
in moist earth and to storage. The xylem of roots, as compared with 
that of stems, has larger and more numerous vessels with thinner walls, 
fewer fibers, more parenchyma, and larger or more abundant rays (Fig. 
107); the phloem, less sclerenchyma and more storage parenchyma. 
The arrangement of xylem and phloem elements in the .secondary tissue.s 
of roots is fundamentally the same as that found in the stems of the same 
species. 


4ioot and stem wood. .^4, B, of Moruu alba. D, of Querens rrlutina. Show- 
ing larger and more abundant vessels and rays in the root. ( X 2.) 


The Formation of Lateral Roots.— As previously stated^ one of the 
characteristic features of roots as distinguished from stems is the method 
of formation of lateral appendages of the axis. In stems, the primordia of 
the branches and leaves are laid down in the primordial ineristem at the 
growing point, according to a definite plan. In roots, on the other 
hand, no branches or appendages of any kind are laid down in the meri- 
stem at the root tip, and when lateral rootsmre developed they are ini- 
tiated in relatively permanent tissues and without regular order with 
reference to each other, except that of general aero petal succession. 
Lateral roots are commonly formed most abundantly in the region just* 
behind the zone of root-hair growth., . As they extend at right angles to 
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the axis of the root from which they are derived, and in turn produce root ^ 
hairs, and later, lateral roots, it is apparent that the branching system ’ 
thus formed is very effective in reaching all parts of the soil. 

The origin of lateral roots is endogenous, that is, the root meristem 
is formed in the inner tissues of the mother axis, and appears externally 



tions found in gymnosperms and angiosperms whenever root has less than three xylem 
‘'rays.” F, position (opposite xylem “rays”) found in all pteridophyte roots and in roots of 
other vascular plants whenever there are three or more xylem “rays.” {After Van 
and Doidiot.) 

only after growth of the organ is well begun. In angiosperms and 
gymnosperms the meristems arise in the peri cycle just beneath the 
endodermis; in pteridophytes growth begins in the cells of the endodermis. 
In both cases the originating cells may have attained the permanent 
stage, or may be in the later stages of development. In gymnosperms 



Fig. 109. — Early stages of lateral root development, radial section; Hypcricimi, U, a 
group of cells of the uniseriate perieycle have enlarged radially and divided tangentially. 
Bj further enlargement and division have occurred; the endodermis and inner cortex are 
stretched. C, the root-tip meristem is well established; the endodei’mis vill soon be 
ruptured. {After Van Tieghem and DoulioL) 

and angiosperms the points of origin of lateral roots are opposite the 
xylem “rays” whenever there are more than two of these strands (Figs. 
108, Fi 110, .4, 15); in the pteridophytes they are in all eases opposite the 
xylem strands. Where in the first groups the root is diarch, there are 
usually four positions of possible lateral-root origin, each so placed that 
the rootlets depart at^ an angle with the xylem “rays” (Fig. 108) .4 -F). 
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Fig. 110. — ^I^ate stages of lateral-root development, Salix nigra. A, B, transverse 
sections; C, D, radial sections. A, the tip of the young lateral root is passing through the 
cortex; in B, it has forced outward the outer cortical layers and the epidermis, and broken 
through. C, the lateral root tip is about to break through the outer cortex. D, the lateral 
root is free from the mother root; its attachment to the central cylinder is ob\uous. 


tetrarch root has four rows of laterals. In the case of roots not located 
opposite rays of xylem, definite rows are likewise formed. This longitu- 
dinal-row condition is often readily visible in such storage roots as those of 
the radish, parsnip, and turnip; it may also be seen in the roots of willow 
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and other plants which grow in water. The regularity of arrangement 
is distorted in soil, unless the diameter of the main root be large. 

Where a lateral root is to be formed, the cells of the perieycle of an 
area (circular as seen in tangential view) at least two cells in diameter 
become meristematic. These cells at first increase in radial diameter, 
then all divide tangentially (Fig. 109, A). Succeeding divisions may be 
in any plane. A definite growing point with its initial cells, root cap, 
and other characteristic structures is quickly formed. As this meristem 
develops, the outer tissues are stretched (Figs. 109, B, (7; 110, 0) and then 
soon ruptured (Fig. 110, B). The root forces its way, apparently partly 
by absorption of the surrounding tissue, but in large part by mechanical 
pressure, through the endodermis, cortex, and epidermis, and continues 
growth in the normal way. In many cases there is said to be a partial 
chemical dissolution of the cortical tissues by the root cap as it forces its 
way out. There is no connection between the epidermal cells of the 
root and the disrupted tissue of the cortex through which it passes. At 
the proximal end of the lateral root, however, where the meristem was 
initiated, there are adjustments which provide for the conduction from 
the -lateral into the main root, although no actual union of the primary 
xylem tissues takes place. With the formation of secondary growth a 
cambial connection is made with the main root, and annual rings of 
tissue are laid down which are continuous over the point of insertion of 
the lateral. Not all laterals grow^ with the same rapidity; some persist 
and grow rapidly, forming part of the main root system of the plant, 
whereas others remain small or are lost altogether. In some plants, and 
especially in storage roots, there is a seasonal renewal of secondary 
rootlets. 

Adventitious roots develop by the formation of apical root meristems 
in the perieycle of stems and roots, or, in older axes, where the perieycle 
is no longer active, in the secondary phloem. The growing root then 
forces its way through the outer tissues. In some of the pteridophytes, 
and rarely in the angiosperms, adventitious roots are said to arise from 
the cells of the outer cortex. It is possible that such roots'^ are, how- 
ever, haustoria, or other emergences. 

The Periderm of Roots. — Sooner or later in the development of the 
majority of perennial roots a periderm layer is formed. This is especially 
true in the dicotyledons and gymnosperms where secondary thickening 
takes place. It will be recalled that in stems the first-formed periderm 
usually arises in the epidermis or in the cortical layers immediately 
beneath. (In roots,: on the other hand, though suberization of the outer 
layers may take place, the first true periderm commonly arises in the 
outer layers of the perieycle, and in woody plants persists as a continually 
, expanding layer for. a eonaiderable number of years. In such cases 
endodermis and <^r^'^;;pl^toed'and soon decay, so that the root haa a 
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sinootli; brownish covering of cork 'cells' broken only liv tlie leiiticelsj 
These stnictAires do not oceur conspicuously in all species, but in -unit- 
aSj for example j. Moms and GMzfem— appear- .as tangeiitiull}^ eloiiffldcHi 
rougheiiings of the u'oot surface.' The .'-structure of root Icuititcis is not. 
fuiidameiitally different from that' of 'the. lentieels of stiiiis. As a rule, 
■however j- such lenticels are of greater tangential extent, owing tf) the 
increase in the circumference of the persistent periderm layer, A (rum- 
parable condition is found in the superficial periderm layers of the trunks 
of species of Betula and Primus in which tangential elongati(»n of tin* 
lenticels takes place. In some species the acciiinulation of (fomplo- 
mentary cells is very apparent as a powdery mass in the huitieellular 
cavity. ■ ■ ^ ■ 

{Jn very large roots and in smaller roots of some species seiaiudary 
periderm layers arise in the phloem tissues, and the pericyclii* region is 
lost. New periderm layers may then arise progressively more and more 
deeply in the phloem tissues, as is normally the case in stems. There is, 
liowever, no extensive accumulation of bark on roots l)ecause of the rapid 
decay of all dead tissues beneath the surface of the soil. When roots are 
exposed, as is frequently the case with the upper side of roots at the base 
of a large tree, there is formed apparently noiaaal l>ark, resembling that 
of the trunk proper.^ • ^ 

Although the above situation with regard to periderm is the one most 
commonly found in roots, many exceptions occur. In those roots which 
have no secondary thickening, the epidermis may persist intact, often 
becoming eutinized; or the epidermis may be lost by decay and be replaced 
as the limiting layer by an outer primary cortical lay<‘r w'hieh becomes 
cutinized, as in many monocotyledons. In such cases the true epidermis 
may shrivel and disappear. as soon as the root hairs cease to function. 
Such an accessory protective layer, serving as an epidermis, is sometimes 
called an exodermis. This is, however, merely a type of hypodermis, and 
the term exodermis is also applied to a uniseriate layer in certain 
specialized roots, for example, the innermost layer of the velamen of 
orchid roots. A persistent epidermis is especially common among the 
roots of the monocotyledons. In this group periderm forms the protee-* 
tive layer only in the larger, older roots, as in the Araceae and Liliaeeae. 
In herbaceous dicotyledons a hypodermis is often the protective layer 
(Fig. 103, A). Periderm layers also frequently occur in the roots of such 
plants as in the Primulaceae and Gentianaceae; these layers occur in the 
outer cortex, but not superficially, as in the monocotyledons. In the 
pteridophytes, periderm does not form in the roots, but the epidermis 
and the outer cortical layers become cutinized or lignified without change 
in size or shape of the cells. The chemical nature of these lignified or 
cutinized walls is apparently unlike that in similar cells in most of the 
seed plants, since the staining reactions are different. 
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Unusual types of structure are found in roots as in stems, but in roots 
these are associated chiefly with secondary tissues. Very few unusual 
forms of primary structure occur in roots. Anomalous structure in roots 
is similar to that in stems and the description of anomalous stem struc- 
ture in Chapter XI will serve for roots also. 

Roots show great specialization as the result of adaptations to environ- 
mental conditions and to particular functions. Among the most strik- 
ing variations are aerial roots, storage roots, holdfasts, and aquatic 
roots. A discussion of the modifications found in some of these will be 
found in Chapter XIY. 
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CHAPTER XI 


THE STEM 

That part of the axis of a plant which bears the leaves and reprofliie- 
tive structures and is commonly aerial and ascending is called the stein. 
Stems and roots are alike in general structure, each possessing a, stele 
with xylein and phloem, pericycle and endodermis, and a cortex with an 
epidermis. Stems differ from roots in fundamental vascular structure 
and in the possession of appendages borne at definitely fixed positions 
known as nodes. The difference in vascular structure lies chiefly 
in the arrangement of the xylem and phloem: in the root the strands of 
primary xylem and phloem lie in different radii, separated from one 
another; in the stem the strands lie side by side in the same ratlins. 
Further, the xylem of the root is always exarch, whereas that of the stem 
is exarch, endarch, or mesarch, being endareh most commonly in 
present-day plants. In the development and structure of secondary 
vascular tissues roots and stems are very much alike. 

Origin of the Stem. — The first stem meristem develops during the 
specialization of the embryo. Lateral stems normally arise by the 
development of new apical meristems laterally in the terminal mcjistem 
of the mother stem. Adventitious branches develop, on both stems and 
roots, by the formation of similar meristems secondarily in the pericycle, 
phloem, or perhaps even in the cambium. In a few plants they are said 
to arise in epidermal or subepidermal cells. Branch meristems also 
develop freely in wound tissue of some species. Such meristems arise 
by the division of meristematic cells, or of more or less permanent paren- 
chyma, in several planes, an apical growing point like that of the normal 
stem tip being formed. If this meristem is deeply buried in the stem 
tissues, it breaks its way through to the surface much as the lateral root 
meristem breaks through the root cortex. The course of development 
of the mature stem from meristem is discussed in Chapter III. 

Root-stem Transition, — Root and stem form a continuous structure, 
the axis. There is, therefore, a transition region where root and stern 
meet, and where the various parts of each organ merge into those of the 
other. The cortex, endodermis, pericycle, and secondary vascular 
tissues are directly continuous from the root into the stem. The primary 
vascular tissues are also continuous, but not directly so, since the types 
of bundles and of arrangement are markedly different in the two organs 
the radially arranged, independent strands of xylem and phloem, the 
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xylem exarch, of the root pass, into collaterally placed bundles containing 
both xylem and phloem, the xylem usualty endarch. The change from 
one type of vascular structure to the other takes place in a part of the 
axis called the transition region. The changes occur either abruptly or 
gradually, the length of the transition region, which is commonly short, 
varying from less than a millimeter to 2 or 3, rarely several centimeters. 
The transition may occur in the top of the radicle, at the very base of the 
hypocotyl, near its center, or in the upper part. Thus the hypocotyl 
may possess root structure or stem structure through most of its length, 
or may be largely given over to transition region. Often the transition 
region coincides with that of the origin of the traces to the cotyledons, end- 
ing with the cotyledonai’y node; as a result of this condition, the structure 
of the region may be further complicated. Whenever the inver- 
sion of the bundles has not been accomplished at the level at which 
the traces depart, these outgoing strands are inverted during their 
passage into the cotyledons. In rare cases the transition region extends 
to the first or even third or fourth nodes above the cotyledons; a portion 
of the stem then possesses bundles which are partly inverted. In the 
monocotyledons and the pteridophytes the region is very short. 

Externally, this limiting region of root and stem is sometimes visible 
as a line of depression, or of change in diameter. In many plants, how- 
ever, such an external line does not correspond exactly with the transition 
region. 

In the change from root to stem there is commonly a considerable 
increase in the diameter of the stele. Accompanying this go multipli- 
cation of vascular tissues and a forking, rotation, and fusion of strands. 
These changes take place according to a definite plan, of which four 
somewhat different types have been recognized. 

Type a. (Fig. 1 11 , A) . — Eahh xylem strand of the root forks by radial 
division; the branches, as they pass upward, swing laterally, one to the 
right and one to the left, turning at the same time through 180 degrees, 
and join the phloem strands on the inside. The latter have meanwhile 
remained unchanged in position and orientation, passing as straight 
strands from the root into the stem. In this type there are formed in 
the stem as many primary bundles as there are phloem strands in th|^ 
root. Examples of plants in which this type occurs are Dipsacus, 
MiralnltSj and Fumaria. 

Type h. (Fig. Ill, B).~This type differs from the first type in that 
the strands of phloem, as well as those of xylem, fork, the branches of 
each swinging laterally as they pass upward to meet in pairs in positions 
alternating with those of the strands in the root. The xylem strands 
become inverted as before; the phloem strands retain their orientation, 
are thus formed the stem twice as many bundles there are 

of ^ is more .'eommon 




i hiin the first. It occurs, for instance, in Acer, Cneurhita, aia 

TrupaeoJurit. 


Type e. (Fig. Ill, C).— la tire third type, the xyieci strands do not 
divide, but continue their direct course into the stem, twisting* however, 
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through 180 degr^^ The phloem strands meanwhile divide, and the 
halves swing laterally to the position of the xylem, joining the xylem 
strands on the outside. In this type, as in the first, as .many bundles are 
formed in the stem as there are phloem strands in the root. Examples 
of plants in which this type occurs are Medicago^ LathyruSj 2m.d Phoenix. 

Type d. (Fig. Ill, !>).■ — In the fourth type, half of the xylem strands 
divide and the branches swing laterally to join the other unforking strands, 
which meanwhile become inverted. The phloem strands do not divide, 
but unite in pairs with the triple strands. Thus a bundle of the stem is 
made up of five united strands, and there are but half as many bundles in 
the stem as there are phloem strands in the root. This type of transition 
is rare, and apparently is known only in a few monocotyledons, such as 
Anemarrhena. ' , 

Where internal phloem is present in the stem, branches depart from 
the phloem strands of the "root at the level at which the root structure 
begins to change. These branches pass inward and come to lie inside the 
new xylem strands, establishing bicollateral bundles. Where the xylem 
strands of the root are united laterally to form a hollow cylinder (a pith is 
probably always present in the very top of the seedling root adjacent to 
the transition region), the strands become separated before the forking or 
the change in position and orientation occurs. 

In some of the monocotyledons the transition region is very short and 
its structure difficult of determination, owing to the development of a 
ring of vascular tissue in connection with the attachment of numerous 
strong lateral roots which develop at that point. In the cycads, the 
transition region contains a plate or a ring of vascular tissue into which 
all the strands of the stem and root pass. In these plants the bundles of 
. the stem and root do- not, therefore, pass directly into one another. 

TYPES OF STEMS 

The fundamental structure of stems has already been discussed (Chap. 
V). In review, it may be said that stems are commonly siphonostelic — 
protosteles occurring in living plants only among the ferns and some other 
pteridophytes — and in the majority of cases possess secondary growth. 
Stems differ greatly in the amount and arrangement of primary vascular 
tissue and in the amount of secondary tissues. The primary vascular 
tissue ranges in amount from that in a complete cylinder of considerable 
thickness to that of a few small strands forming isolated bundles. The 
various conditions apparently represent stages in evolutionary progress 
where there has been a thinning of the cylinder of primaiy vascular 
tissue, a breaking up of the cylinder into longitudinal strands, and changes 
in the arrangement of the resulting bundles so that these no longer form a 
cylindrical series. Whatever the amount and the arrangement of the 
the secondary^; vascular tissues may form a solid cylinder 
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enclosing it and thus develop an unbroken vascular cylinder even from n 
series of irregularly placed strands. The amount and the arranueznent of 
secondary xylem also vary from that of the complete cylinder of ind^ninii 
thickness formed in typical perennial woody axes to the isolated thin 
strands of certain types of annual herbaceous stems,, and to the eoinlilion 
in other plants where secondary growth is absent. Secondary vascular 
tissues, like primary, have been reduced in evolutionary modification, 
the cylinder being first thinned radially, and then broken up tangent ially. 
In forms most specialized in this respect, no secoiidazy vascular tf<sue^ 
are formed. All stages in these changes in primary and secondary vas- 
cular tissues are represented among living plants. Thus, great variety is 
to be found in stem structure. 

The Woody Stem. — The stems of perennial woody plants present one 
of the simplest types of stem structure. In these, a more or less continu- 
ous cylinder of primary xylem is ensheathed by an unbroken eylindez‘ of 
secondary xylem which is added to indefinitely. The primary cylinder 
of this type of stem may be unbroken (save for leaf and branch gaps), 
as in Pfnws and Liquidamhar (Fig. 112, A), or may consist of strands 
separated rather widely, as in Platmiiis, (Fig. 112, B), and in many shrubs, 
such as BerherU. In all cases the primary cylinder is thin and the pri- 
mary xylem merges into the secondary xylem so that often only an 
approximate line between the two can be determined. * 

The Herbaceous Stem.— The annual stems of plants are often sup- 
posed to have their vascular tissues characteristically in the form of 
bundles arranged in a cylinder (Fig. 112, P). This condition Is, however, 
not typical of herbaceous plants. Among dicotyledons the majority 
of herbaceous forms possess cylinders of vascular tissue that are com- 
plete, except for the presence of leaf and branch gaps (Fig. 112, E), 
Such conditions obtain not only in coarse and stout stems, such as those 
of many composites, mints, and legumes, but even in slender delicate 
stems, such as those of species of Veronica and Stellaria. The herbaceous 
stem with discrete bundles is, therefore, not to be thought of as typical of 
annual stems. It represents, clearly, the extreme stage of reduction of 
vascular tissues. Though infrequent in occurrence, it is to be found in 
various families and in both stout and slender plants. In some forms, for 
example, in species of Trifolium , Geum^ and Agrimonta^ the lower part 
of the stem may have a complete cylinder of vascular tissue, and the 
upper part separate bundles. The condition in monocotyledons is essenti- 
ally the same as that in extreme dicotyledonous herbs; here the bundles 
may lie in a ring, but more frequently they are distributed through the 
stele according to a plan determined by the number of leaf traces, leaf 
arrangement, and other factors (Fig. 113). 

Structurally, herbaceous stems are essentially similar to woody stems; 
the differences are quantitative rather than qualitative. Distihction 
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between the types must be based chiefly on period of persistence. And 
even this is invalid, since in warm climates herbaceous stems may per- 
sist more than one year and may even become ^Svoody/' and typical 
woody stems may become annual under some climatic conditions. The 
herbaceous stem is one in which cambium growth has become limited tn 







ht'rbaeeous stem formed depends upon the type of stele present in the 
woody ancestral forms. "Where the vascular cylinder of the woody type* 
possesses primary tissues in the form of a continuous cylinder, rel!it(?<i 


IG. 112 (continued from opposite page). — Types of dicotyledonous stems. E, Digital w, 
herb, stele continuous. F, a herb, 'stele dissected. {Afti'r Sin noli and Baiky.) 


herbaceous forms also possess unbroken primary cylinders; where the 
primary cylinder of woody forms is discontinuous, owing to the presence 
of wide, multiseriate rays, related herbaceous plants have a type of stele 
in which the cylinder consists of discrete bundles. 


Fig. 113. — -Diagrams of monocotyledonous stems. Zea Mays^ mn.ny bundles, no 
pith cavity. Trillium grandiflorum^ few scattered^bundles. (7, Tnticiim sahtum^ many 
bundles about the periphery, central pith cavity. 


The qmestion'^^the morphological features underlying the evolu* 
tionaiy change from the woody to the herbaceous stem, and of the factors 
determining and controlling the structural change, does not fail within 
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the scope ' of this textbook. It seems to have been clearly, shown, ' how-,, 
ever, from the evidence of comparative morphology and, of the fossil 
record, that the herbaceous type of .stem has been derived from the .woody, 
and not,,, the, woody'' from .the herbaceous.. The woody type of cylinder 
is the, primitive type-; from- it by- reduction has, been derived the herbace- 
ous type. 

The Monocotyledonous Stem. — Secondary growth of -the usual type 



is typically lacking throughout the body of monocotyledons. Vestiges 
of cambial activity in the bundles both of the stem and the leaves have, 
how’-ever, been found in nearly all groups, as, for example, the grasses, 
sedges, and lilies. The stele is broken up into bundles which are dis- 
tributed throughout the axis; the endodermis is lacking, and the limit of 
.cortex, pericycle, and pith are often indistinguishable, since bundles are 
scattered throughout (Fig. 113, A, B). In many forms, however, as in 
most grasses, there is present a central region (Figs. 113, C; 137, vl) — 
which may or may not represent the pith morphologically~in which no 
bundles occur; in many forms a more or less readily separable cortical 
region may also be seen.. 

The vascular system of most monocotyledons is very complex. The 
leaf-trace bundles are numerous and follow various types of courses in their 
descent, uniting in different w^ays with other strands (Fig. 60, E-M). 

A common condition is as follow^s: all bundles are common bundles. 
The traces, upon entering the stem from the leaf, penetrate deeply, the 
median traces more deeply than the lateral, and then in their descent 
return toward the peripheiy. The downward course may be vertical, or 
the traces may swing laterally and become oriented in various ways* 
Each common bundle sooner or later fuses with other similar bundles. 
The anastomoses occur chiefly at the nodes, and in some groups, such 
as the grasses, are very abundant and almost restricted to that region. 

Secondary Groioth in Monocotyledons . — ^Though typical secondary 
thickening is lacking in monocotyledons, some of the more woody forms 
of the group possess secondary increase in diameter of a somewhat similar 
nature. This increase is accomplished by the formation of a ca mbium ^' 

in the innermost cortex or in the peric3mle. Such a cambium differs 

from the typical camteunT^^ composing it, though vertically 

elongated, are short and rectangular, the ends of the cells not tapering. 

It further differs from a normal cambium in that the tissues formed by it 
are almost entirely toward the center of the stem, and these constitute 
not a uniform tissue but a system of vascular bundles embedded in 
parenchyma (Fig. 78). , 

The bundles are usually without definite order of arrangement, 
though they may lie to some extent in radial rows. Occasional anasto- 
Mses occur. ,;Tha .bundles., are collateral, or, an ore frequently, ampM- 
vasal, the phloem being of small amount, and the xylem often largely of 




occur in any plane jxa 

growth follow. The ontogeny of 
these secondary bundles closely 
re.seinbles that of the primary bun- 
dles, especially in the procambial 
stages. 

The scanty cells formed toward 
the cortex are parenchymatous, 
and often separable only with diffi- 
culty from the primary cortical 
cells. 

Secondary growth of this type is 
indefinite in amount, as is that of 
the normal type. It is, however, 
usually of slow development, and 
large trunks are not commonly 
formed. There is usually no 
evidence of annual-ring demark- 
ation, but in a few cases {Aloe) 
weakly defined annual bands occur. 

Increase in diameter of this type 
occurs in the arborescent Liliiflorae, 
for example, Dracaena, Yucca, Aloe, 

Cordyline, and in fleshy parts of 
some of the Dioscoreae. It has 
been reported in a few cases among 
the palms, but in nearly all of 
these tree-like monocotyledons the growth is enthely primary. 

The Vine Type of Stem.— The stems of vines are of both structural 
types, many vines, such as Yitis, Celastrus, and Solanum Dulcamara, 
possess woody steles (Fig. 112, C); others, such as Clematis &nd Ilumulus, 
have their vascular tissues arranged in the form of a ring of bundles 
(Fig. 112, D). These bundles are separated by rays of parenchyma, 
which in many forms are increased, like the bundles, by cambial growth. 
In such forms, as in the type of herbaceous stem with separated bundles, 
the xylem and phloem are highly specialized in structure. Vascular 


Fig. 114. — Diagrams iiliistrating eariy 
development of bundle in secondary growth 
of monocotyledons; Aloe pleuridens. A-D, 
successive stages, (.4//rr Chamberlain.) 
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rayss a,re coniuioiily absent, the vessels are porous and of diaiueter. 
tracheids and fibers are proportionately few, sieve tubes are of the highest 
type, and phloem parenchyma and fibers are scarce or lacking. Many 
vines show not merely these tissue specializations, but also possess anom- 
alous general structure. In this group fall Aristolochia and Menuper- 
munij which, unfortunately, are often cited as examples of typical stem 
structure, and used to demonstrate the origin of a woody from an herba- 
ceous stem. The structure of anomalous stems is discussed on p. 256. 

In the stem of the young herbaceous vine, such as that of Pisum, 
ApioSy and Adlumia^ there is present a circle of vascular bundles sepa- 
rated by rather wide segments of parenchyma. Such is also the structure 
of some rather woody vines, for example, Clematis, In these stems the 
cambium may be restricted to the bundles, as in Adlunvia, or may form a 
complete cylinder by extension across the interfascicular rays of paren- 
chyma. This interfascicular cambium may be vestigial, as in the upper 
parts of the pea vine, forming no secondary tissue, or a very few vascular 
cells, as at the base of the pea vine; or it may be very active, increasing 
the parenchymatous rays at the same rate as the fascicular cambium 
builds up the bundles, as is the condition in Clematis. In such cases as 
the last, the type of structure found in the one-year stem is maintained 
as the stem becomes woody and perennial. Yet, since the bundles 
increase in tangential extent as secondary growth continues, the stem 
apparently becomes a woody stem. The bundles are, however, still 
separated, though by wedges of secondary rather than primary paren- 
chyma. These radial plates or rays of tissue extend in most cases from 
node to node, and constitute an important feature of vine structure. 
Such rays, either of primary structure, or of both primary and secondary 
structure, are prominent structural features oFmany vines, both annual 
and perennial. They are present also in vines with complete woody 
cylinders, and constitute one of the prominent modifications of such steles 
found in lianas (Fig. 118). These parenchymatous segments extend in 
most cases from node to node, and often for several internodes. ^ Being of 
soft tissue, they are sometimes crushed as the stem becomes older, per- 
haps due to the ^^play of the bundles upon one another during the periods 
of lateral stresses to which a vine stem is peculiarly subject. Apparently, 
this type of structure is the result of one method of adaptation to the 
mechanical requirements of vines. 

The ‘‘Medullary Rays’^ of Vines and Herbs. — In vines and herbs with 
dissected vascular cylinders, the bundles are in early stages separated by 
sheets of parenchyma which merge internally with the pith and exter- 
nally with the cortex (Fig. 112, D, F). In these early stages there is usu- 
ally little or no evidence nf limitation of pith or cortex in the region of 
;t|iese :• bands, ‘noris tidin' Mstological evidence that theji belon#’’ 'inbt- 
^olo^cally, even in part, to the vascular cylinder. Since they appear as 
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radiating portions of the pith, they are commonly called nu-thiUnnj nt'j.--. 
When tliese primary structures are later increased in i-adial exieiu by 
secondary growth, as they are in many vines, such as Ckmafin f I'ig. 1 12. 
/)), they closely resemble broad “medullary rays” (vascular ray.*) of 
secondary wood and phloem. Hence it is that both these rays and true 
vascular rays have been termed “medullary rays,” and believed fo bo 
identical The idea that the woody stem is developed from the 
herbaceous stem is based in large part upon this misconception. It i.« 
dear that such broad rays of vines and herbs extend from node to 
node, and in this respect differ much from the vascular rays which are of 
very limited vertical extent. Further, they clearly represent, mcu-piio- 
logicall}', entire segments of the vascular cylinder, being equivalent to 
many vascular rays plus the tissue surrounding and included between 
these rays. It is obvious that the same term should not be applied to 
both types of rays. The term “medullary ray” as applied to rays of 
secondary vascular tissue is inapt, and should be .supplanted by the terra 
“vascular ray.” Since the rays of vines and herbs are, when only pri- 
mary, very like projections of the pith, they may perhaps aptly be called 
medullary rays, especially if this term is not applied to vascular rays. 
That they are not homologous with the structures known commonly as 
medullary rays should be kept in mind. 

Internal (or Intraxylary) Phloem. — In the siphonosteles of ferns 
the amphiphloic condition is usually prominent. Here the internal 
phloem forms a continuous layer and is closely similar to the external 
phloem. In the angiosperms, where internal phloem is also frequently 
present, this tissue is less conspicuous. It occurs usually as strands, large 
or small, more or less definitely associated with the primary xylem (Fig. 
115). In amphiphloic feriM^, where the cylinder is broken up by leaf gaps, 
the internal phloem unites with the external through the gaps, and amphi- 
cribral bundles are formed (Fig. 116, B). In angiosperms with internal 
phloem and broken vascular cylinder, the internal phloem forms the 
innermost part of bicollateral bundles, as in Cncurbita; where the primary 
xylem forms a more or less complete cylinder, strands of internal phloem 
also form a fairly continuous layer. Internal phloem is in most cases 
only primary; rarely a cambium arises inside the primary xylem and a 
small amount of secondary phloem is formed, as in Tecomn. 

The cells of internal phloem are like those of external phloem, except 
that fibers are few or lacking, and the sieve tubes and companion cells 
occur in small, restricted groups, surrounded by parenchyma (Fig. 115). 
This parenchyma, together with that of the protoxylem region, forms the 
perimedullary zone (Chap. V) of the pith. Such a layer is, of course, 
morphologically, a part of the vascular cylinder and not the outer layer 
of the pith. Where an inner endodermis is present, this layer separates 
the inner phloem from the pith. The infernal phloem and the internal 
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endodermis are often continuous through leaf and branch gaps withltie 
outer phloem and the outer endodermis. 

Internal phloem occurs in many families among the angiosperms, 
chiefly in the more highly specialized groups, such as the Solanaceae, 
Gentianaceae, Myrtaceae, Cucurbitaceae, Convolvulaceae, Apocynaceae, 
Asclepiadaceae, Onagraceae, Campanulaceae, and Compositae. In 
some of these cases the internal phloem is apparently degenerate; in 
others it probably pla^^s a prominent part in conduction. The latter is 
the condition in the tomato and potato plants, especially in the rhizomes 
and tubers of the potato. In the potato tuber, except for a slender cem 
tral core, strands of internal phloem are present throughout the region 
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Fig. 115, — Internal (intraxylary) phloem in young stem of Solarium tuberosum. The 
primary phloem cells are in small groups external and internal to the cambiai zone. {After 
Arischwager.) 


inside the thin xylem cylinder. Like the pith, the cortex is also narrow. 
Hence, the storage tissue of the potato is to a large extent a parenchyma- 
tous vascular cylinder; the pith makes up but a small part of the tuber. 

The Vascular Bundled — The vascular tissues of a plant form a con- 
tinuous system. In the axes of the majority of plants these tissues are 
arranged in the form of solid or hollow cylinders. In the axes of many 
other plants, however, and in appendages generally, the vascular tissues 
occur in more or less distinct strands, which are united proximally and 
sometimes also distally with other similar bundles or with the central 

^ A general discussion of the vascular bundle is placed in this chapter for con- 
venience alone. Bundles are not, of course, restricted to stems. Further discussion 
of bundle structure will be found in other chapters. 
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vascular tissues. To these more or less free parts or extensions of the 
vascular body the term vascular bundle is applied (p. 95). The bundle 


a, Sabal Palmetto; collateral monocotylcdonous bundles 
B, Poly-podium milgare; amphicribral bundle. C, Aconis Calamue, 
collateral monocotyledonou? bundle, witb 


Fig. 116. — ^Vascular bundles, 
with heavy bundle cap. 

amphivasal bundle. D, Scirpus Uneatus; — ---- 
selerenchyma sheath, two idrominent vessels flanking the circular phloem mass. 

is, obviously, an important structural feature of the plant; but as such 
it hs^si. HonbflAss rocoived undue attention. It seems clear from the 
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study of the stele and of the relatioiisliip of axis and appendages that 
the bundle is merely a more or less segregated portion of the conducting 
system. In the axis the bundle is apparently not the fundamental unit 
of structure, from which the vascular cylinder has been built up. The 
disposition of the tissues in a cylinder seems to be the primitive condition^ 
and the discrete bundles of axes are the portions of such a cylinder broken 
up in specialization (Chap. V). Certainly the bundle of the stem is 
best interpreted in this way, both from a morphological and from, a 
histological point of view. 

Size and Shape of the Vascular Bundle,- — Vascular bundles vary greatly 
in structure and shape, in course taken in the plant body, and in relation 
to other bundles and the central vascular body. The various types of 
bundles, is so far as they depend upon the relationship of xylem and 
phloem to each other in the bundle (concentric, collateral, etc.), and upon 
the course of bundles in the axis (cauline and common), have already 
been considered in Chapters IV and V. Since any essentially free strand 
of the vascular system, large or small, may be called a bundle, a bundle, 
as seen in cross section, may consist of an indefinite number of cells, or of 
very few, even one (Fig. 123). Bundle tips in leaves and fruits often 
consist of a single cell. In cross-sectional shape, the bundle is most 
commonly oblong, or elliptical, but linear, forked, and irregularly shaped 
bundles also occur. 

Histological Structure of the Vascular Bundle, — The proportionate 
amount of xylem and phloem varies much in both collateral and con- 
centric types of bundles. In both types the bundle may consist largely 
of one tissue, and collateral bundles are in some instances (reduced or 
vestigial bundles, and bundle tips) made up of xylem or phloem alone. 
In collateral bundles the xylem, especially when small in amount, may 
extend laterally about the phloem to a greater or less extent, a condition 
found in Equisetum^ in some monocotyledons, and in other herbaceous 
angiosperms. In such cases the xylem of a bundle may even be separated 
into groups." 

In spinitspecialized bundles the cells of both xylem and phloem are 
reduced -inirnumber, fibers and parenchyma cells being few or lacking in 
each tissue.' Thus the phloem of such bundles may consist wholly of sieve 
tubes and companion cells, the xylem of vessels and tracheids, or of 
vessels alone. This is the condition in many monocotyledons, and in 
some dicotyledons, such as certain genera of the Ranunculaceae. Under 
these conditions the sieve tubes and companion cells are often symmetri- 
cally arranged, and of the few vessels one, two, or three are of large 
diameter. In the bundle of monocotyledons there are in many forms 
two huge vessels, one on eaoh ^^shoulder of the xylem group, as in Zea; 
, in fewer forms there _%_:'Ohe.,very large central vessel, as in In 

\ still other genera all pretty much- alike in size. 
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Small bundles are, of course, largely or wholly of primary 1 issues, and 

therefore commonly have their cells arranged irregularis'. In many 
dicotyledons, however, even the primary vascular tissues are :ii'ranged in 
radial rows, for example, in Trifolium fFig. 117, Ai and Asekpi'a.s. 
Where the bundle has a small amount of secondary tissues, the central 
part usuallj^ shows weak radial arrangement and the inner and outei' 
cells are irregularly arranged. 


.Just as the proportion of primary and secondary tissues varies, so 
docs that of protoxylem and meta.xjdem, the former being commonlv 



A B 


Fig. 117. — Collateral dicotyledonous vascular bundles. A, Trifolium 'pratense; young; 
bundle, secondary growth in early stages, primary xylem radially arranged, bundle cap 
immature. B, Pisum sativum, mature bundle, primary and secondary tissues irregularly 
arranged. 

large in amount in small stem and leaf bundles. The extent to which 
protoxylem lacunae are formed likewise varies; such spaces are especially 
large in many of the monocotyledons. 

The ''Fibrovascular'" Bundle— ThB vascular bundle is often associated 
with one or more strands of fibers, a complex conducting and supporting 
structure being thus formed. This unit has been long— and aptly called 
a fibrovascular bundle. Unfortunately, however, this term haa been 
extended to bundles which possessed Uo fibrous cap or sheath, and has in 
usage come to be applied to all vascular strands, simple or complex. 
The strand of xylem and phloem, as a morphological unit, a part of the 
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vascular S 3 ’stem, is better termed 'S^ascular Inindle'' (p. 95); the vascu- 
lar bundle together with surrounding fibrous structures inav^ pculiaps 
appropriately be called a “fibrovascular bundle.’^ 

The association of fibers morphological^ external to the bundle with 
the vascular tissues is apparently connected wdth the mechanical rela- 
tions of support for the organ concerned, and support and protection for 
the softer conducting cells. The fibrous cells associated with vascular 
bundles most commonly form ^^caps^^ or crescent-shaped masses (in 
cross section) externallj^, or both externally and internall 3 % to the bundle 
(Figs. 112, D, F; 116, A, D), These caps may be united laterally by 
flanges of similar cells, so that a complete supporting and protecting 
cylinder is formed. Such fibers, when external, belong commonly to the 
pericycle, though 111035 ^ are often wholly or in part cortical. Whefe thr 
bundles are rather widely separated, and especially in cases where they 
are much reduced and specialized, the}^ are often completel}^ ensheathed 
by fibers (Fig. 116, D). This is the condition in the stems of many 
monocot 3 dedons and other herbaceous forms. 

The term ^Vascular bundle’’ is used in studies of physiological anatomy 
to denote bundles wdthout fibrous sheaths, in \vhich the xylem and 
phloem themselves contain no fibers. In the ph 3 ^siologicaI sense the 
term ^^fibrovascular bundle” indicates a bundle whose X 3 dem and phloem 
contain fibers as a constituent part of these tissues, whether or not fibers 
external to these conducting tissues are also present. 

ANOMALOUS STRUCTURE IN STEMS 


j Though the great majority of plants possess stelar structure of the 
t 3 ’'pe considered normal, many are knowm to have unusual structure. 
This structure is of many different t 3 "pes, which, however, fall into two 
Igroups: (1) those in which a cambium of normal type and persistence^ , 
|by peculiarity of irregularity;, jn its activity ,ulevelops vascular tissues of^„ 
j unusual arrangement and proportion of xylem and phloem; (2) those in 
which the cambium, and, consequently, the secondary xylem and phloem, 
are abnormally arranged, of 'ffi which the original cambium is replaced 
f by other cambium layers secondarily formed;. These additional layers 
> may also be of unusual extent and arrangement. To the many combina- 
1 tions of unusual structure that may be produced by these modifications 
i may be added the anomaly of the presence of medullary and cortical 
■ bundles. As a result, extremely complex structural conditions may be 
found. The interpretation of all such conditions may usually readily be 
; made by ontogenetic studies, either of the developing axis itself or of the 
^‘ffieediing. Descriptions of a, few of the many varieties;; of anor^|pus\y 
,'^J structure will give an idea of , the /principal types of departure fro, hi-/ fhe 1" 

’ * - Jimnnaiv' 







yiG. 118 , — Anomalous stem structure — types. A, Bignoniaceous genus. 

Scci ridaca lanccolata. C\ Big nonia' sp^ Baukinia ruhiginosa, E, Serjania ichthy- 
octoYi. F, Bauhinia sp. G, Arhtolochia irmri^gularis. H, Begonia fruticom, I, Piper 
Jltm'inen>tc. J, Thinouia scandem. K, Bmihinia Langsdorffi'<ina, {After Schmck.) 


THE STEM 






258 


AX INTRODUCTION TO PLANT ANATOMY 




■iWi 


Where a cambium, normal in position and activity, forms in some of 
its segments much larger proportions of xylem than of phloem, and in 
others more phloem than xylem, a ridged and furrowed xjdem cylinder is 
donned. This may be of simple structure, as in Fig. 118, x4, or very 
complex, as in Fig. 118, C. In certain cases, eis in Aristolochia (Fig. 
118, G), segments of the cambium form only ray-like parenchyma, new 
areas of cambium constantly being given to the formation of rays of 
parenchyma. A strongly fluted vascular cylinder is thus formed. 
1 Restriction of the activity of the cambium to certain regions may also 
; result in the formation of ridged stems (Fig. 118, D) . Strap-like stems 
(Fig. 118, F) may be formed in the same manner. ^ 

Stems of other peculiar shapes or types are formed by the unusual 
position of the cambium, this layer, while the stem is young, being 
thrown into folds or ridges, the tips of which become pinched off, and 
after separation develop ^^steles^tby themselves (Fig. 118, /). In some 
plants the cambium probably appears originally in several separated 
sections, each of which surrounds portions, even individual strands, of 
the primary vascular tissue. In such cases the stem appears as though 
made up of several fused stems. This apparently compound condition 
becomes more marked as the stem becomes older, and the parts separate 
as the outer layers of each strand die because of the development of peri- 
derm layers (Fig. 118, FJ). There is thus formed a stem composed of 
strands lying together more or less like the strands of a rope. A some- 
what similar condition is brought about by the breaking into strips of the 
original cambium cylinder, and even of the vascular cylinder formed 
by this meristem, by the proliferation of xylem parenchyma (Fig. 118, K), 
Excessive increase of parenchyma in the xylem and phloem ruptures the 
first-formed, original tissues and the cambium sheet which formed them. 

Interxylary Phloem. — -Variations of another type in the activity of 
the cambium produce interxylary 'phloem. Phloem of this type is second- 
ary phloem in the form of strands embedded in secondary xylem. There 
appear to be two methods by which interxylary phloem comes to lie 
enhbedded in secondary xylemCDIt is possible, however, that only one 
method (the second described below) obtains in all cases, since behavior of 
the cambium in such growth types has been studied in detail in but few 
instances, ^n genera like Combre tum and Eni ada, small segments of the 
cambium are said to produce phloem cells toward the inside for a brief 
period, in place of the xylem cells which are normally produced; After a 
brief period of such activit;^ these cambium segments return to norn|ial 
function, and thus bury thn inwardly formed phloem with xylem. Tn 
forms, such m the interxylary strands art forhl 

hy: til# cambium toward as a p^rt'of the normal 
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(heir cells becoming transformed into mature eonduetiug ibsue. Xmv 
segments of cambium then arise, as secondary meristems, in tlie pliI.K'm 
some few rows of cells out from the original cambium, or in tlu' p(>rieyele. 
Thes(' unite with the edges of the segments of the genmul cambium 
cylinder— which have continued meanwhile their normal activity- ami 
tims enclose a strand of phloem cells. This is repeated in other .^'gtnents 
of the cambium so that the secondary xylem possesses numerous 
scattered strands of embedded phloem. 

The formation of phloem embedded in other secondary ti.s.sues 
occurs also, of course, in secondary growth in monocotyledons (p. 248.1. 
d'lero, however, the development of the conducting tissues from ccdls 
formed by the cambium is similar to the development of jndmary bundles. 
Other types of phloem burial are Itrought about by the development of 
accessory cambium layers external to the phloem, as (iiseu.ssed in the 
following paragraphs. In some genera, a combination of these methods 
occurs. 

Accessory Cambium Formation and Activity.— The formation of 
secondary cambial zones is responsible for many of the unusual types of 
stems. These meristems commonly develop in the pericycle and function; f 
as does a normal cambium, or, in case the first cambium has functioned inj 
an unusual manner, repeat this peculiar behavior. Such secondary' 
cambial activity follows the cessation of function of the first layer, one 
or even many additional layers successively appearing and ceasing to 
function. Thus a cylinder of alternate concentric layers of xylem and 
phloem is formed (Fig. 118, B). The restriction of the extent of the 
secondary cambium layers to certain narrow parts of the circumfer- ; 
ence results in the formation of much ridged or flattened stems, and, , ^ 
where the secondary layers form on but one side, or on two opposite 
sides, of a strap-like stem (Fig. 118, F). 

Of these- types of modified stele, the majority are found in plants of; 
special growth habit, very many of them lianas; the modifications appear; .y 
to be largely associated with the habit of the stem and with the mechani- 
cal demands upon its structure. 

In the Chenopodiaceae, Amaranthaceae, and allied families a some-, 
what different type of unusual growth is present. Here there is first ^ 


formed a hollow cylinder of vascular tissue or a ring of irregularly 

o -nytQ n ViiTnrllia.C! 


arranged bundles. These bundles are partly of secondary nature, but 
cambial activity soon ceases and a new, secondary cambium arises in 
the pericycle just outside the bundles. In some forms the cambium ; 
forms tissues centripetally, consisting of bundles (similar to those already 
formed) embedded in nomvascular tissue. This embedding tissue, 
which has been variously termed cohjumtipe interfmdcuhf ^ , 
and inkrmediate consists .of eIohg4te> lignified cells, which in 
shrull>y forms make, a very hard,^‘^^wdbd/^ Gentrifug^Iy, the cambium 
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forms a very little parenchyma or no cells at all. The “bundles'’ 
formed in this way may be arranged irregularly or in definite concentric 
rings. In some cases, as in CAennpodmm (Fig. 119), the phloem is 
formed centrifugally and later buried by the development of an arc of 
new cambium formed without it (p. 258) . In some forms this secondary 
cambium is said to persist, continuing indefinitely to form this complex 
tissue of embedded bundles; in other cases, and especially in roots, this 
first secondary cambium is quickly replaced by others, which in succes- 
sion form" rings of embedded bundles. 

The activity of the secondary cambium layers in other members of 
this group of families is more nearly like that of the normal cambium. 


Fig. 119. — Anomalous secondary growth; Chenopodivm albu7n. A, portion of young 
stem, showing “medullary” bundles (with primary and secondary tissues), within the 
secondary cylinder. B, portion of secondary cylinder; alternate bands of xylem, phloem, 
and “conjunctive tissue,” the xyleni dark, the phloem in restricted patches, other tissue 
light. 


It is, however, complicated by prolonged primary growth. The develop- 
ment of the common beet root (Beta vulgaris) will serve as an example of 
this type (Fig. 120). The first cambium forms a ring of bundles close 
about the primary xylem. A secondary cambium soon arises in the 
pericycle .and this is followed in rapid succession by others originating 
similarly. All layers continue to function, perhaps indefinitely, though 
more slowly after an early period of activity. The cambium arises 
apparently as a continuous band, but forms more or less separate 
bundles, bands of eonjumstive parenchyma developing between the 
vascular strips. The position of each new cambium, as it arises in the 
pericycle, is such that it encloses a few layers, of pericyclic cells. These 
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nipidly inultiply and build up a parenchymatous layer as rupi<lly, or 
even more rapidly, than the cambium builds up the vascular layer. 
Alternate bands of prolifeivated perm^^^ of vascular Imndlcfs aro 

Thus formed. The former constitute the dark-colored, the lattm* the 
light-colored, rings in the beet root; The bun dies are tlu}mselves 
largely parenchymatous, but few lignified cells occurring in the xyiran, 
Jdrowth continues through all layers, in the bundles apparently l)of.h by 
\auril)ial activity and by proliferation of the parenchyma of the xylem 
and the phloem. Thus the beet root increases in diameter by- growth 
i brougliout its layers . The layers are not in most eases simple eylindcu’s 
hut are united irregularly with other 
layers, so that a complex, as^nnmetri- 
cal structiire is formed. 

Anomalous structure is not infre- 
(juently due to the presence of medul- 
lary and cortical bundles. Such biin- 
<lles may occur together with other 
structural peculiarities, or in stems 
otherwise typical in structure. Med- 
ullary bundles are not infrequent in 
ferns, as inPierisd In the dicotyled- 
ons, medullary bundles occur in a 
considerable number of families, such 
as the Piperaceae, Ranunculaceae, 

Amaranthaceae, Berberidaceae, 

Cuciirbitaeeae. Cortical bundles are 
of less frequent occurrence; they are 
known in the Calycanthaceae and 
]\I e 1 a s t o m a c e a e , rarely elsewhere. 

Many so-called cortical bundles are 
l eaf-tj ace bundles which run down- 
ward through the cortex for some 
distance before entering the stele. 

This is the condition in Begonia and 
Cmuarina. In plants with a fleshy 
cortex, such as many of the Cactaceae, where the leaves are reduced and 
photosynthesis is carried on largely by the cortex, branches from the 
base of the leaf traces penetrate the cortical tissues. 

The various types of stem and root structure which are commonly 
described as ^^anomalous” occur in very many families of vascular 
plants^ — ferns, gymnosperms (cycads), and angiosperms. In the latter 

iqiiis fern, so commonly used to illustrate stem stuicture, is, because of this 
and other features of unusual structure, ati unfortunate choice. It should be 
sui)p]anted by typical forms. 


Fig. 120. — •Anomalous wcondiiry 
growth; Hvta vulgaris, root, cro.sH semion. 
Alternate layers of vaseultir bundles and 
proliferated peri('* 5 u*ie (eroHS-hatehed) ; 
phloem stippled, lignified xylem cells in 
radial row.s, xylem parenchyma and 
secondary interfascicular tissue unshadeii ; 
all layers growing. 
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group, the}” occur in many families, in some of which all forms are of 
peculiar structure, in others only a part. 
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CHAPTER XII 


THE LEAF 

PLysiologicall}" considered, the leaf is the organ of the plant which 
is specialty adapted to the all-important function of photosynthesis. In 
a sense, this is the most important of plant functions, since practically 
all other functions depend upon it or contribute to it either directly or 
indirectly. Thus the structures having to do with absorption and con- 
duction are important chiefly because they supply the leaf with materials 
needed in photosynthesis and remove the products formed in this 
process. The complex mechanical systems of the larger plants are for 
the most part adaptations to the support of large leaf areas in such 
relation to light that photosynthesis can go on advantageously. Upon 
the products of photosynthesis all forms of life, with the exception of a 
few specialized bacteria, depend directly or indirectly for their food 
supply. The leaf is thus an exceedingly important organ. 

The Leaf as an Expansion of the Axis. — From the standpoint of 
anatomy, the leaf is a lateral expansion of the axis in which all parts are 
included. Thus in the leaf, tissues of all parts of the axis — epidermal, 
cortical, and stelar — are to be found; these are arranged in various 
ways, the arrangement being chiefly the result of adaptation to the sup- 
port, protection, and vascular supply of the photosynthetic tissue. The 
stelar tissues, xylem and phloem, together with accompanying scleren- 
chyma, form the skeleton upon which the green tissues, which represent 
the cortex, are supported. The epidermis covers the entire structure, and 
is continuous with the epidermis of the stem. 

The Vascular Skeleton of Leaves. — Leaves consist typically of three 
parts: the expanded portion, or blade, where most of the green tissue is 
located; the petiole, which supports the blade on the axis and functions 
also in conduction; and the stipules. Stipules in many plants are wanting 
altogether, or are soon lost by abscission, but in some plants are persistent 
structures which may form an appreciable part of the photosynthetic 
system, for example, in Pisum. The morphological nature of stipules 
has been much in dispute. 

Dependent upon the gross vascular structure, leaves are classed as 
parallel veined when, the naain bundles traverse the leaf without anasto- 
mosis, and net veined when th^ main branches of the vascular system form 
a network. Pinnate and palmate, closed and open venation, and other 
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Kiiiiiiiar luoriiiiologica elassificatioiLs are also based upoii ?]i(‘ ai'ia?mvhii*hi 
of the vascular bundles. 

*^Veia’*‘ Islets.”— Whatever may be -the aiTangernent of ilie largvr 
vascular bundles, the ultimate divisions of the eondiicting siraiab com- 
pletely or partly encircle minute areas of the photosyntladie tissue with 
which they are in close contact (Fig. 121, B, G). These divisions of green 
lissiie have been called vem islets, and in a way represent more or Jess wch- 
detined photosynthetic units. The vascular bundles surrounding tlu^ 
vein islets are in intimate contact physiologically with the phot nsynt her ic 
tissue in that they lack the sclerenchjana normally present about the 
larger bundles. The size and the shape of the vein is!et< var\’ with 
iiifferent types of veiiatioii and with different species: in rn<os 


definite islets do not exist. As the leaf matures, the islets increasi^ in 
size, their growth being a part of the general growth througliout the 
leaf. In full-grown leaves the size of vein islets is apparently constant, 
regardless of the size of the leaf. It is probable that the size of the islets 
bears little or no relation to the age of the individual. 

The Arrangement of Leaves. — The different types of leaf arrangement 
on the stem, or phyllotaxy, and the many variations of size and shape 
which occur are doubtless in part adaptations to the exposure of the photo- 
synthetic surface to light. These variations, although of interest chiefly 
to taxonomic morphology, are naturally closely bound up with variations 
in the structure of the plant. Different types of phyllotaxy thus depend 
upon, or are related to, different arrangements of the leaf traces in the 
primary vascular cylinder of the plant; and different shapes and sizes of 
leaf blade are related to suitable variations in the arrangement am! 


Fig. 121. — Vascular skeleton of leaves. A, pinnule of A.'^pidiiuu; im definite vein 
islets exi.st, B, part of leaflet of Trifolium; vein ishts, rather indeflniie. (/, ptirt of leaf of 
Pynis Hnliis; small, definite islets, a frequent type. 
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ainouiit of fcjclerenchyma necessaiy for support, and of vascular tissues 
necessaiy for conduction. 

The Ontogeny of the Leaf. — Leaves have their origin in the 
promeristem of the growing point of the axis as lateral projections of that 
ineristem (Fig. 27). The initiating cells of these lateral structures arise 
close to the apex of the stem from cells which are in most cases several 
cell generations removed from the initials in the main axis. By their 
division these cells form the meristematic protuberance which later 
develops into the leaf, '^n some cases only the outermost layer of the nieri- 
stem, dermatogen or dermatogen-like, takes part in leaf development, but 
more often cells of the deeper layers are also involved. In these projec- 
tions of meristematic tissue an apical growing point is early formed, and 
this by its activity increases the organ in length for a time and lays down 
its fundamental structure. Such apical growth in leaves is in most plants 
of comparatively short duration. The apical growing point of fern 
leaves, however, persists for some time, the leaf tip continuing to develop 
after the base is mature, even, it is reported, in some cases for more than 
one year. Commonly, however, apical growth ceases early and general 
growth throughout the young leaf continues. The general outline and the 
fundamental structure of most leaves are thus developed while the leaf 
is yet minute. In the winter buds of temperate-zone trees small leaves 
are often present, in shape resembling full-grown leaves, with the main 
vascular structure outlined and a considerable part of the cells already 
present. /Later growth consists to a large extent of the rapid increase in 
cell size and the maturation of the mesophyll cells and vascular tissues, 
which takes place during the period of leaf expansion. New cells may 
be formed generally throughout the leaf during this period. After the 
leaf attains full size, the larger vascular bundles usually increase in 
diameter, secondary growth being of frequent occurrence. There is, 
naturally, great difference in the time taken for leaf development in 
different plants. In most woody plants of the temperate zone, complete 
expansion and maturity are attained rapidly. In many tropical plants 
and in herbaceous forms with very large leaves, development goes on 
over a longer period. Intercalary leaf meristems are common in leaves 
of the linear type, occurring in the grasses generally, and in such genera as 
Jm, Allium, and Finns, But such meristems also persist for but a 
comparatively short time, with the exception perhaps of those of the 
anomalous gymnosperm, Welwitschia, where they are apparently unlimited 
in time of activity. 

The Development of Vascular Tissue in the Leaf. — The primary 
vascular tissues of the leaf blade and petiole form a system continuous 
with the leaf trace wiiA'-which &ey are Joined. All parts of this system 
differentiate from m same manner, though the time of 

different sections. ^ Ordinarily, the first vasmlar 
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tissue of tlie leaf system to mature is the median portion of the leaf truee.^ 
liere vascular tissue often matures soon after the fonnatiiUi tin-* h-ui 
primordiuni near the growing tip, and from this point the hiindle inaiures 
progressively in both directions. As the internode elongtito'^. the duwn- 
ward extension of the trace is built up; as the leaf primnrdiuiu elongate.- 
and expands,, the vascular bundles are extended from tiie trace out wardly. 
In the formation of the conducting strands of the leaf. Ilie sani«‘ ty|>e>: oi 
cells are developed, and the order is approximately th(^ same as In the 
vascular strands of the stems of the same plant. In Icnives, however, 
there is commonly a larger proportion of the extensible prc?t«>xyh*tu ele- 
ments, especially near the bundle ends. In leaves having scaamdiiry 
growth, this growth takes place soon after other parts of fliehad attain 
approximately full size. 

The Orientation of Vascular Tissue in the Leaf.- In the leaf t ra<a*s 
angiosperms and gymnosperms, as seen in transverse st‘ctit)ns of the axis 



Fig. 122. — Structure of petioles. A, Populus grandidentata; vawulsir 
in cylinders, simulating steles. B, Solanum tuberosum; vascular tissue.^ i!i a < ri m 
normally oriented. 


below the level where the traces leave the stele, the phloem is siimiiK 
toward the outside of the stem. As the traces pass out of the st e e anc^ 
enter the petiole and blade, the xylem and phloem maintain t heii ^ 

position, so that often in the petiole and usually in the l>la<le the p 
is on the lower side of the leaf and the xylem on the upper side ( h ig- L 

Probably because of this orientation of vascular tissues in relation 
stem, the upper side of the leaf is known as the mntral side and 
side is designated as the dorsal side. These terms ate used in t sense 
that the ventral side is the side next the axis and the dorsal side t la uwa> 
from the axis. * 

■ v-.; ''A. . 'iM 
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Aitliougb tlie orientation of tlie X3^1em and phloem is fairty constant 
for t 3 "pieal leaf blades, man}' variations occur in the petiole, due to the 
different methods of fusion, division, or twisting of the leaf traces in their 
course through the petiole. In manj^ instances the traces which enter the 
petiole separately remain distinct and pass to the blade without change <31 
structure or orientation (Fig. 122, B). In others, however, the traces 
fuse in the petiole to form a single strand, a hollow c^dinder, or a group of 
more or less complete cylinders (Fig. 122, A); in still others, they divide 
into several or many strands which become arranged and oriented in any 
one of many wa^^s. In all these conditions the bundles are frequently 
ampliieril)ral through the petiole. On passing out of the petiole into the 
leaf blade the vascular bundles ma^^ again assume collateral structure 
with. do]‘saI phloem; often, however, the petiolar arrangement is main- 
tained through the larger veins. 

Stipuiar Traces. — The vascular supply" of stipules is usually derived 
from the lateral leaf traces, the stipuiar trace being given off from the 
leaf trace after the latter has left the stele. Where the stipules are not 
attached to the petiole, and where they sheath the stem, the stipuiar 
trace severs connection with the leaf trace in the cortex. Where the 
stipule is attached to the petiole and is an integral part of the leaf, the 
stipuiar trace ma}^ not sever connection with the leaf trace until after 
the latter has entered the petiole. Except in plants with foliaceous per- 
sistent stipules, the stipuiar traces are usually very much reduced 
vascular bundles, the x^dem consisting of relatively few conducting ele- 
ments and the phloem chiefly of parenchyma. 

Pteridophyte Leaves. — In many^ ferns, owing to the large ^ize of the 
leaves, the traces to a single leaf make up a considerable portion of the 
stele below the point of attachment. These large traces are in most 
eases a part of an amphiphloic siphonostele, and as soon as they’^ are 
freed from the stele become amphicribral bundles by the union of the 
external and internal phloem at the sides of the trace. The external and 
the internal endodermis also unite about the traces. These bundles pass 
up the petiole and eventually^ divide to form the smaller bundles of the 
compound leaves. Dichotomous branching of the veins is common in 
the smaller divisions of the leaves of many forms. Ultimately^ the min- 
ute divisions come into close contact with the mesophyll, much as in 
angiosperm leaves (Fig. 121, A). In small-leaved pteridophydes, 
Lycopodium^ Equisetum^ etc., the vascular supply consists of a single 
bundle which passes unbranched to the leaf tip. This bundle is com- 
monly amphicribral. 

Sclerenchyma in the Vascular Bundles of Leaves. — Commonly 
associated with the vascular bundles of petioles and the larger bundles in 
leaf blades is a varying amount of sclerenchyma. This tissue is appar- 
ently very important in $tx*engthening the supporting skeleton of the 
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leaf blade; the xylem and phloem of the main voim are randy wilhum lu 
These mechanical tissues, usually in the form of fibers, <K‘eur In st nunU 
arranged variously in different leaves and in different ])arts of tlu* same 
leaf. One frequent disposition of fibrous tissues in leaf bundles is tis a 
Imndle sheath entirely surrounding the vascular strand dug. IdU, ]j}. 
This condition is common in some types of leaves and in the larger veins 
of many forms. In this type the sclerenchymatous ring is usually thicker 
on the dorsal and ventral sides of the bundle than elsewhere, an arrange- 
iiient which passes, by a series of transitional conditions, into aiiolluu* 
common type where the fibers occur in two separate strands, one on tln^ 
dorsal side of the bundle and the other upon the ventral side. In both of 
these conditions the sclerench^rma often fills the space heiwcvn the bun- 
dles and the epidermiV; both below and above. Such an arrangtmient is 
considered to be structurally very efficient in strengthening the leaf. 
Much has been written to emphasize the fact that the arrangement of 
mechanical elements in leaves and elsewhere is such as to give maximum 
strength with a minimum amount of mechanical tissue. As the larger 
bundles divide to form successively smaller and smaller vascular strands, 
the amount of sclerenchyma becomes very much reduced, until in the 
smaller bundles mechanical elements are lacking altogether. Some 
leaves may be further strengthened or stiffened by large branching stone 
cells in addition, to fibrous strands, scattered through the rnesophyll, or 
by lignified epidermal and subepidermal cells. 

Considered morphologically, the supporting elements of leaves and 
petioles may be formed from any of the tissues. Most commonly, y 
however, the fibrous strands or sheaths which are closely associated with 
the vascular bundles are either phloem fibers or pericyciic fibers. Move 
rarely, they are derived from xylem or from cortical tissues. 

Elements of the Xylem and Phloem in Leaves. — The vascular tissues 
of leaves are composed for the most part of the types of elements found 
in homologous tissues elsewhere in the plant body. Thus in xylem the 
same types of vessels, tracheids, fibers, and parenchyma, both primary and ^ 
secondary, occur, and" in much the same proportion and relation to one 
another as found in the stele itself. This is true also of the elements of 
the phloem. 

As the bundles branch successively and become smaller and smaller, 
there is usually a reduction in the relative number of welhdeveloped 
vessels and sieve tubes as compared with the larger bundles, and also a 
reduction in the relative amount of secondary tissue as compared with the 
primary. In the smaller bundles there are no secondary tissues whatever. 

In fact, secondary tissues may be lacking in all parts of small leaves 
even though secondary growth occurs elsewhere in the same plant. The 
primary elements of such small bundles are smaller than are those of the 
vascular tissues of the stele, and ordinarily a larger proportion of paren- 
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diyraa is present in the leaf. This is especially true of the phloem, which 
in the smaller bundles may consist wholly of parenchyma. 

Bundle Ends. — In the xydem, as the bundles approach their ultimate 
divisions, the conducting elements become reduced in size and number 
and consist usually of spiral or reticulate elements only (Fig. 12,3). 
These elements become fewer and fewer, and the very tip of the bundle 


Fig. 123. Bundle ends. A, B, longitudinal sections in Oxalis leaf and Freesia petal; 

tracheids in Oxalis unaccompanied by other elements and in direct contact with mesophyll, 
in Freesia surrounded by parenchyma. C, i>, cross sections in leaves of Fyrus Malm; 
the bundle sheathed by chlorophyll-bearing parenchyma; C, small bundle made up of 
one traeheid and one parenchyma cell; D, somewhat larger bundle with phloem. 


may thus be composed of a single spiral or reticulate traeheid. A slender 
bundle tip, consisting of one or few xylem elements, is typically sur- 
rounded by pareAhyma of a special type, which is supposed to function 
in the transfusion of water from the traeheid, and also in the collection 
and conduction of fortw|;'Substances in solution. 

In the reduction pf the phloem near the bundle end, the sieve tubes 
become smaller ^ and, less .definite in form, and the relative size of the 


the leaf 


;;(.inpanion cell increases. Finally, a stage is reached 


11s, which would ordinarily form sieve tubes aiiii 


do not divide, and a special type of parenchyma cell i. mruied which 
resembles the companion cell. To these cells the function of protein 
synthesis has been ascribed, as well as that of conduction of the nimto- 
synthetic products. At the tip of the vascular strand the,'- celF arc* 
replaced by the transfusion parenchyma described above 'J’he laniille 
ends occurring m hydathodes and. in glands, e.speciallv in the .dand< of 
insectivorous plants (Chap. XIV) which function in digf..<tion icive 


more elaborate conducting and absorbing structures than typh 


the vascular skeleton of the leaf with its elaborate brancliini'- svstem 
with smaller and smaller divisions which raniifv to ail part- of f implioto- 
synthetic tissue shows some similarity to the capillarv circulation in 
animals. The analogy is, however, one of form largelv, as in plant.s 
there is no closed system comparable to that of the veins ami arterte.s 
of animals. _ The vascular system of plants does, however, carry sub- 
stances, mainly water and mineral nutrients, to the plmto.synthetic 
tissue and remove the products of photosynthesis. The exact nature of 
this circulation, that is, the tissues and cells in which the different sub- 
stances are conducted, and the method by which conduction takes 
place is not well understood. 

The MesophylL— The photosynthetic tissue between the upper and 
lower epidermis, which consists typically of thin-walled parenchyma, is 
known as mesophyll. This tissue usually forms the larger part of the 
substance of the leaf. The cells of the mesophyll show great variation 
in shape and anangement, but, in general, they are grouped in tw<) 
classes, the palisade parenchyma, or palisade cells, and the spongy paren- 
chyma, or spongy mesophyll (Fig. 124, A, B). In the former ‘the cells 
are elongate and more or less cylindrical, and arranged in one or more 
rather regular, compact layers near the ventral, or upper, side of the leaf 
with the long axis of the cells perpendicular to the leaf surface. In loaves 
which stand more or less vertically or have a drooping position, palisade 
parenchyma may occur on both sides. A frequent modification of the 
columnar palisade cell is the cone-shaped type, which lies with its broad 
end against the epidermis. In the spongy" parenchyma the cells lack 
regularity in shape and are arranged loosely, so that a largo part of their 
surface is exposed to the gases in the intercellular spaces. Cells of the 
spongy mesophyll may be very irregular in shape, with radiating arms 
connecting with the arms of similar cells, thus'makmg an irregular net- 
work of green tissue (Fig. 123, A). In many leaves, especially those of 
plants growing in water or in shaded situations, there is no well-developed 
palisade parenehynaa; this “is 'also tEe "condition in" leaves of most 
gymSosperms;or gFasses (Fig. 124, C, 2>), ahd of other specialized types. 


•v 1 , 
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,f palisade layers and the density of the cell structure 
ly either directly or indirectly, upon light intensity. 
IS bo great variation in the proportion and arrangement of 
larenchyma in the same species growing under diflerent 
'here is' also often considerable variation in the niesophyll 
aves from different parts of the same plant, 
af structure is, in general, an adaptation to the conditions 
\>hotosvnthesis. Briefly, these are, in part: first, the 


eus; B, Fyrus Mains; C, Avaia 
arencliyma; C, .D, without differ- 
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cuiiditions of excessive light, the position of tlic’ |i!astid< iiuty Ik* cLmigfnl 
so that the rays fall only, upon the edges of the plastid, rafluT tiiaii 
upon the broad face. Thus where iasuffieient light is a liuihhtv 
the maxiiuum surface of the plastids is exposed; and whc-rf tlu‘ liuhi F 
intense, the plastids may migrate to other positions where liny n re less 
exposed. Some plants show extreme variations of mesopiiyll vi4\ .-hape, 
elaborate shape being possibly an adaptation to the expc^sure ck?' a maxi- 
mum plastid surface. The irreguiar cells of tlie im^sophyll tjf ihc' gymno- 
sperm leaf are familiar examples of this kind of cell (Fig. IMS, /i, fo. 

The Relation of Mesophyll Cells to Intereelbdar Sparvs, — Tla^ normal 
structure of the mesophyll is such that a large celhwall surface* i.- f^xposed 
to the 'Tnternal atmosphere’' of the leaf. The leaf is ‘’homytMmdK^d’' 
with connected air spaces which reach into nearly all parts of the mc^so- 
phyll. In leaves where the cells of the palisade layers are dc!is(‘]y pa<*b‘<!, 
these cells have very little, perhaps no, cell-wall surface ex})os(‘d iiirfM*tly 
to air spaces. However, throughout leaves with poorly d«n'(‘loped pali- 
sade layers and in spongy mesophyll generally, a consi<lerabIe proportion 
of the walls of all cells is surrounded by air spaces. In some eases the 
cells are like short, branching filaments with a minimum of wall surface 
adjacent to other cells. The air-space system extends, of course, to the 
stomata. The wall of normal mesophyll cells is of cellulose, or of some 
similar permeable material, and uniformly thin, so that diffusion may 
take place through any part. The proportion of wall surface of the meso- 
phyll cells free and exposed in the intercellular spaces varies greatly in 
different plants, and is, of course, dependent upon the density of the meso- 
phyll itself, which, in turn, varies with the habitat of the plant. 

Conduction in the Mesophyll . — The arrangement of photosynthetic 
cells in close relation to the conducting systen^ Js apparently very impor- 
tant from the standpoint of supplying the cells with water and of removing 
the elaborated food materials. Such is the distribution of tlu} vascular 
tissue through the mesophyll that all green cells are in fairly close associa- 
tion either with bundle ends or with x^ascular bundles capable of absorp- 
tion. In the simplest condition, photosynthetic cells arc arranged in such 
a way that conduction can take place through the cells themselves to a 
nearby bundle end and thus provide an outlet for diffusible material. 
The cells of the spongy mesophyll are in many cases particularly adapted 
for conduction by their branching structure and probal;)ly constitute the 
main channels through which sugars are removed from the palisade 
layers. Translocated material is conducted through these cells to the 
parenchymatous sheaths of the bundle ends (Figs. 123, /?, C, i); 124); 
these sheaths, in turn, perhaps conduct the material to the larger vas- 
cular bundles. In many plants all of the secondary veins of the leaf which 
are not entirely surrounded by sclerenchyma have a parenchymatous 
sheath capable of ready absorption. 
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More elaborate mechanisms for the removal of sjmthesized food 
materials from photosynthetic tissues are frequently found. In one of 
the common types, specialized parenchyma cells containing little or no 
chlorophyll are situated so as to connect with a group of palisade cells. 
Such cells apparently have as their chief function the collection of the' 
products of photosynthesis and the conduction of these to the vascular 
bundles. Combined with a specialized parenchymatous bundle sheath 
these cells constitute a rather definite extension of the conducting system 
within the mesophyll. Certain grasses and sedges have the photosyn- 
thetic tissue grouped about the vascular bundles as cylinders or girdles 
of cells. In such cases diffusion readily takes place directly from the 
green tissue into the parenchymatous bundle sheath (Fig. 124, C, D). 

The Epidermis of Leaves. — The epidermis envelopes the tissues of 
the leaf with a protective layer broken only by the stomata and the hyda- 
thodes. The general nature of this layer, the shape and size of the cells, 
and the structure and mechanism of stomata have already been dis- 
cussed in Chapter V. The structure and the occurrence of hairs are also 
discussed in the earlier chapter. Cutinization and cuticularization have 
been treated in Chapter II. The epidermis of leaves is, naturally, of the 
greatest importance because of the nature of the soft mesophyll tissues 
within, which perish through desiccation almost immediately upon injury 
to the protective layers. The modifications of the epidermis which occur 
as adaptations to different environments, especially in xerophytes, are 
discussed in Chapter XIV under Ecological Anatomy. . 

The Distribution of Stomata on Leaves. — In dicotyledonous leaves of 
the broadly expanded type, stomata normally occur in largest numbers 
upon the lower or dorsal side; Some species have comparatively few on 
the upper or ventral side nnd some lack stomata on the upper surface 
altogether. Plants with leaves which stand in a nearly vertical position 
may have stomata about ei^ally distributed on both surfaces. Many of 
the monocotyledons, have leaves of this type. Floating leaves of aquatic 
plants have stomata upon the upper exposed surface only, and submerged 
leaves lack stomata. In general, the distribution of the stomata depends 


upon the environment to which the plant is adapted, those adapted to 
living under more severe conditions as regards drying out having stomata 
in the more protected positions on the plant. 

'^In the majority of leaves, stomata are arranged apparently without 
regularity. In some plants, however, as, for example, the grasses, _ 
stomata may be situated in regular rows, each stoma oriented in the 
same~way. Xer ophytes a nd som e other plants often have stomata in 
groups ,qr furrows w hich are p r otected in various ways. The number of 
stomata per unit area of epidermis varies greatly. Some plants, mostly 
ij^irophylies,; fifteen per square millimeter. At 

Other ^tre mOj I^aye beep reported with as high as 
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1300 stoniatti per square millimeter. Between (iiese (‘xtnaiics all 
(litioiis exist, the common number being about 251) per stpiare miili- 
ineter as found in the apple and plum unihu- ordinary me-<opliytie 
conditions. Apparently, the number of stomata per unit area hears no 
definite relation to habitat, other factors being of gnaiter import anee in 
d<‘fennining the number. 

The Grass Leaf.— Among the many types of loaf slructuru which 
\-ary from that commonly found in dicotyledons, that which occurs in tin' 
grasses and sedges and that of the gymnosperms are of sufficient impor- 
tance to warrant special treatment. Gymno.spenn leaves of practically 
till species are, however, xerophytic in their structure, attd heneo are 
discussed in Chapter XIV.». The leaves of the grasses are tilike in general 
structure, variations being the result of adaptation in various ways to 
xerophytic or other ecological conditions. Fundamentally, the grass-leaf 
blade consists of a skeleton of parallel vascular bundles between which 
spongy rnesophyll is supported (Fig. 124, V, D). The bundles are of 
nearly the same size throughout their length, and, except for occasional 
small anastomosing strands, are separate from one another. Frequently, 
the leaf blade has a large median bundle associated with a pronounced 
midrib projecting on the dorsal side. The other bundles may l)o of two 
or three types, but differ chiefly only in the amount of mechanical and 
conducting tissue present. The smaller bundles are spaced alternately 
between the larger. The entire leaf consists of a sheathing ba.se and a 
linear blade; the former surrounds the culm for some distance and merges 
in a more or less prominent joint with the leaf l)lade, which is set at an 
angle with the culm. 

Sclerenchyma in the Grass Leaf . — The sclerenchymatous tissues of 
grass leaves are ordinarily arranged in conjunction with the vascular 
bundle as two strands of tissue, one on the dorsal and the other on the 
ventral side. In the case of the larger bundles, and frequently in the case 
of the smaller also, the fibrous strands extend from the epidermis to the 
bundle on both sides, so that together with the bundle they form a bar of 
hard tissue extending through the leaf from ventral to dorsal side, a stme- 
tural condition considered to be mechanically very efficient. In the 
smaller bundles the amounts of sclerenchyma and conducting tissues are 
proportionately reduced. Only rarely do the bundles lack sclerenchyma 
altogether. 

Bundle Sheaths in the Grass Leaf.— -Among the characteristic features 
of grass leaves are the tissues immediately surrounding the vascular 
bundles. These occur commonly as two layers of cells, each one cell 
thick, completely surrounding the bundle next the vascular tissues (Fig. 
124, C). The inner sheath is more or less thick- walled and lignified, 
rwejnhling an endodermis.iB its general appearance. Whether this is an 
endodermis in the sttief ihpridioiogical sen^ is questionable. The ■ 










t ilicikeiiiiig on the walls of the cells of this layer is fit:?qiieiit]y heavier upon 
the inner and radial walls than upon the outer, although in some cases 
if- extends entirely around the cells. Various functions have been 
ascribed to this layer, but protection against crushing, especially of the 
softer phloem cells, is the most probable. In bundles with well- 
tieveloped scierench^una this lignified sheath abuts directly upon the 
fibrous strands, thus adding rigidity to the whole structure by completing 
the so-called ‘'‘ girder structure.’^ 

The outer sheath, often known as the msstome sheath ^ is made up of ^ 
thin-walled parenchyma cells, which appear mostly isodiametric when 
seen in transverse sections of the leaf, but much elongated as seen in 
iongitiidinal section. These cells form about the bundle a parenchyma- 
tous girdle, to which is ascribed the function of conducting the soluble 
food products from the specialized photosynthetic tissues to the conduct- 
ing tissues. In well-developed bundles of some species the cells of this 
girdle lack chlorophyll, and are hence readily recognized. In the smaller 
])uiidles the cells may contain chlorophyll, but usually in less amount 
than other photosynthetic cells. 

The Mesophijll of the Grass Leaf— In the leaves of gi'asses, as in other 
leaves, the photosynthetic tissue fills the space between the vascular 
bundles more or less solidly. Ordinarily in grass leaves there is no well- 
developed palisade layer of elongate cells such as is characteristic of 
dicotyledonous leaves generally, Frequently, however, there is a 
weakly developed palisade layer next the epidermis on one or both sides 
of the leaf. The cells of these layers are nearly isodiametric and differ 
from the spongy mesophyll cells chiefly in that they are compactly 
arranged, whereas in the spongy mesophyll there are many intercellular 
spaces. The cells in the latter tissue are also frequently irregular in 
shape, forming branching systems for conduction, as in analogous tissues 
of other, types of leaves. In some species of Cijperus and in a few xerophy- 
tic grasses the green tissues themselves are. arranged in a sheathing girdle 
al>out the vascular bundle. 

The Epidermis of the Grass Leaf ,- — Although variations in the structure 
of the epidermis of the grasses occur rather frequently, especially in 
plants adapted to growth in extremes of environmental conditions, the 
general features are fairly constant. J The epidermal cells are for the most 
paH elongate-rectangular in shape, being nearly square as seen in trans- 
verse section, but in longitudinal section much elongated. They are 
arranged in regular rows extending lengthwise of the leaf. Over the 
vascular bundles the cells are often smaller and thick- walled, to some 
extent resembling sclerenchyma. Great variation occurs in the extent 
of cutinization. In surface view of . the leaves the cells do not show 
m€it>ked irregularity of outliue such as is shown in the epidermis of many 
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A iyi)o of coll fonuiion to many apocip.s is tlia sn-t'aiicd ,;ll. .ir 

hullijarm cell, which, apparently, constitutes tlie incchaniMii which t'um- 
tions in the rollinfi; of grass leaves in dry weather tFig. llM. < ', Ih.. 'I'liese 
cells have much more depth than the ordinary epid(>riua! cchs and are 
arranged iii rows extending throughout the length of the leaf upo!) its 
upp(>r surface, frequently lying at the hottom of weil-delitied groovcv. 
'J’he cells are thin-walled and lack chlorophyll, and by the deerea>e in 
their turgor permit the upward and inward roiling of the i.-af. Soiai' 
species possess only one or two rows of this type of cells, where, -e^ others 
have many. Few species lack them altogether. At the edges of th(‘ 
groups of motor cells us seen in cross stadion of the leaf, there .'uv cci! 
types transitional between typical motor cells :ind the ordinary epidcrttial 
cells. 

Armngcwc/it of the Siomala in the dross Lcaf.^ The lyfie of stoma 
found in the leavo.s ot the grasses is surprisingly uiiiforni, considering 
the diver, sity of habitat in which gras.scs are found. Tlu' structure 
of the stoma of the grass type is given in (.'luiptcr i Fig. .11. /, ./, AT. 
The stomata in the leaf are usually arranged in rows extending pttrjdlei 
tti the long axis and interspersed between the elongate epidermal (;eils. 
Frequent] jq several rows of stomata are spsiccd close togi-thcr bedwcfui 
wider bands of epidermal cells. Although in a considerable number of 
cases stomata occur upon both surfaces of the loaf in approximately e([ual 
numbers, in the majority of specic.s these opening.? are jnon' niimerou.s 
in the upper epidermis and in some species, chiefly xcrophytic, may he 
wanting upon the lower side. 

Hairs of various types ai-e common in the epidermis of many species. 
Short, stiff projections which give the surface of the leaf a harsh texture 
arc particularly common. In some forms these teeth give the leaf margin 
an effective cutting edge, as, for example, in species of Leersin. 

The Persistence of Leaves. — A large proportion of thc! gymnospiuans, 
a few broad-leaved, temperate-zone plants, and man3' tropi<-al forms, gen- 
erallj^ hold their leaves for more than one sea.son. In ev<'rgreen plants 
posse.ssing secondary growth, as is the case with thc gjunmispcnns and 
dicotyledons, the persistence of leaves for any length of tina? involves thc 
lengthening of the leaf trace as successive annual la.yers of .xj'lem art! 
added by the cambium. This lengthening is accomplishtnl by the 
activity of a special meristematic layer in tlio trace itself ((diap. \T). 
Oi'dinarily, the needle leaves of the gymnosperm.s and the broad leaves 
of angiosperms do not persist more than three to five years, after which 
time thej' are cut off by abscission layers in the .same manntu' ii.s are 
deciduous leaves. In a few cases evergreen leave.? may persist for many 
j^ears, as, for example, on the trunks of Araucaria. In the ferns and some 
of the palms and other monocotyledons the leaves may persist for a con- 
siderable number of j'ears, the older leaves gradually ceasing to function. 
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Many of these are not cut off by abscission layers but cling to the stem 
until they disintegrate by weathering. The leaves of many annual and 
perennial herbs are also “withering persistent.” In the majority of 
temperate-zone plants, both woody and herbaceous, the leaves function 
for but a single season. A discussion of leaf abscission is to be found 
in Chapter IX. 
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THE FLOWER~™THE FRUIT~™-~THE SEIB 


THE FLOWER 


The flower is, moiphologicully, a determimite hraoeti wilh wmsiUnl 
appendages, the iriternodes being much shortened, or in inaiiy j-ases 
o})literated. The appendages are modified in funetion and uppeaniiiee, 
and the upper ones are often so placed as to appear teiTninal on tlie 
axis. Anatomically, however, the flower is a typical stem .with appen- 
dages; inno fundamental way does it depart structurally from the normal 
stem with leaves. 

The Vascular Skeleton of the Flower.--! n structure, the i)edi<*el is a 
typical stem, herbaceous or woody, with a ring of vascular biiiidleH or 
with an unbroken cylinder of vascular tissue. In the receptacle the 
stele is modified in shape, often expanding and becoming like an inverted 
or flattened cone or pyramid. From this receptaeular stele depart the 
traces to the various floral organs (Fig. 125, A, C), traces which in origin, 
structure, and behavior are similar to those of leaves. Gaps accompany 
the exit of these traces, and the crowding of the organs thus breaks the 
cylinder up into a network of strands (Fig. 125, B). The traces pass off 
successively to sepals, petals, stamens, and carpels, according to the 
manner of arrangement of these parts in the flower, that is, in whorls or in 
spirals, as the , case may be. However, many parts which to external 
inspection are apparently whorled, such as the petals of some Rammcu- 
laeeae and the stamens of the Rosaceae, may be seen from anatomical 
evidence to be arranged in fiat spirals. The method of origin of the 
traces to the different flowers is essentially alike in all cases. The 
number of traces, however, to the various types of organs is markedly 
different, and is also different from that to the normal lateral appendages, 
the leaves, of the same plant. Thus, typically, petals and stamens 
possess a single trace, carpels three traces, and sepals usually the number 
of traces possessed by the leaves of the plant in question (Fig. 125, B). 

I In all these organs the constancy of number of traces throughout the 
'^‘‘angiosperms is remarkable, and is indicative of morphological unity 
and conservatism. Thus, there is a single trace in the stamen and 
petal without regard to size, shape, nature, or persistence of these 
organs. Exceptions occur for the stamens in some of the Magnoliaeeae, 
where, there ate three traces, imdior.the petals in a eonaiderable number 
of families. For .the. OTOptions aiDe those in which the 
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petals are sepal-like, and are without doubt sepaline in nature. The 
three traces of the carpel are found so modified in many plants that there 
is but a single trace. This condition is found where the carpel is reduced 
in size and in number of ovules, as in achenes. In these cases it is appar- 
ent from comparative studies that in such carpels the vascular supply, 
like the rest of the carpel, has been reduced, two of the traces having 
disappeared in the evolutionary modification. Of the normal three 


traces to the carpel, the median is called the dorsal trace, since the carpel 
is a leaf folded toward the ventral surface. The two lateral traces are 
called ventral or marginal traces^ since they run along the ventral side of 
the folded carpel and on or near the margin of the leaf. These traces 
depart from the stele of the receptacle higher up than docs the dorsal 
trace. 

Because of the large number of traces departing close together to the 
, crowded floral organs, the vascular skeleton of most flowers is very 


Fig. 125. — Vascular system of flowers. A, half of median lonpiitudirial sectioii of flower 
of Rammmdus. B, vascular system of axis of flower of Aquilegia canadcnais, split open 
and spread out in one plane; the traces to the floral organs are shown: A% to sepals; c, to 
petals; o, to stamens; g, to carpels, C, vertical section of base of flower oi Pyrola sccunda, 
showing origin and course of traces to floral organs in a hypogynous flower. D, the same in 
Vaccinium pennsylvanicum, showing course of bundles in an epigynous flower. (.4 and B 
after Smith; C and D after Haney.) 
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eoiii.plex, ' But- in many et;use»s it i.s- -rendered mnrc* siinplt^ ,<iif>ei1iri:illy, 
llmiigh aetiialiy more complex, -by the fti?^ion u{ adjacent tracer in 
tlitdr proximal parts. In the stud^^ of liower morphoIo^T, two type< of 
fusion of floral organs are reeognissed— cohesion, whnv meiiilHU> of the 
same whorl are fused to one another; and adnati<m. whmv nifuiiher- nf ;i, 
\viu)ii are fused to members of a different wliorl, abovi* or below, 1'fds 
eondition of fusion of appendages to other appcuidages is looked upoii 
a condition of specialization in the evolutionary development of t he Ik over, 
A'arying types and amounts of such specialization occur in the more 
advariced families. In cases of such external fusion it Is bamd fliai the* 



FtG. 120. — Diagrams to siiow fusion of bundles under adnution. A io 1C, stories showing 
fusion of stamen and petal and of their bundles. F io 1, owaries of t‘pigyn«ms flowers: F, 
vertical section of dower of Juglana, showing no fusion of bundles of lioral organs; O', of 
Ali<iro(oncria, similar; //, J, of Vaccinlum vaciUans and V. m:ierornrj[Hjrt, showing fusion 
in their proximal parts of the bundles of floral organs. ((7, nfier \'un Tiighnn; //, /, ajtvr 
Ilmwii.) : ■ ' . ■ , , 

internal parts, even the vascular bundles, are often likt^vise fused. 
Thus, in epipetalous stamens the basal part of tlie petal will, in some 
cases, show two traces, one the stamen trace, ^superposed to the other, 
the petal trace (Fig. 126, dl, B, C). In such a ease there may I>e definite 
structural evidence, in a histological separation, that the base of the 
petal really represents the fused bases of petal and stamen, or there may 
be no evidence other than the presence of the two bundles. In another 
similar petal bearing a stamen there will be found but a single vascular 
l)undle in the base of the petal. Neither the bundle itself nor any of the 
surrounding tissues may show evidence of the morphologically double 
nature of the bundle (Fig. 126, D, E). This fusion of bundles may 
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extend only a slight (” 
free base of the stamen, 
appears to take place first externally, ultimately 
and involving also the vascular sket"- 
bundles often takes place, and appai 
tion. For example, the folding cf ; 
two marginal carpellary bundles (Fig. 127 
(Fig. 127, B, D), so that the carpel, though 
receptacle, has but two vascular bundles 
(Fig. 127, B). 

dence of its double nature 
simple, large bundle, perhaps 
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T; the lateral bundles of 
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* and not nine, as 
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3 sepals fuse in* pairs to a 
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^very pair fuses, fifteen if 
' of them fuse (Pig. 127, 
that genera in this family 

3 close together and the 
►undies tend also to fuse. 
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Siifh iniioii clearly follows — though slowly— the externa! fusiot 
vascular structure of simple flowers, then, in which c(ihpsion am! in 
have occurred, must be interpreted on the basis of possihh* i 
fusion similar to the external. This is to be looked for in tlu* fi 
bundles lying side by side at the .same level, that is. in the sann 
as in the cases cited, and in those lying above ami below on<’ i 
in the same radius, as in the case of petal and “oppo.site" stamen, 
lateral bundles of carpels, sepals, and of petals (whefi petals posse; 
or more traces) may be found fused with the lateral bundles of a 
members of the same whorl; likewise, the median bundle of the 


Fig. 128. — The vascular system of the flower of Fi/rus Malus, A, vertical section. 
median cross section. C, vascular system, exclusive of carpelliiry supply, s|iread out m 
one plane — c, a, bundles to sepals, petals, and stamens respectively. (C, after Kraus 
and Ralston.) 


the bundle of the stamen of the second row below, and the median 
bundle of the sepal may fuse; also the bundle of the petal and of its 
opposite stamen may fuse, together sometimes with the lateral bundles 
of the sepal and of the carpel which lie in approximately the same radius. 
Thus there may be found extensive fusion of the traces to the floral 
parts (Figs. 125, D; 126, H, I). This condition is most extreme in the 
case of flowers with inferior ovaries where adnation of all the whorls has 
occurred, as in the apple (Fig. 128). It is on a basis of interpretation 
along these lines — which cannot be gone into in detail in this treatise, 
since they deal wholly with comparative morphology — that evidence is 
derived to show that the inferior ovary, in many cases at least, is not of 
receptacular nature. In these for^ the wall of the inferior ovary eon- 
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sists morphologically of the basal portions of all parts of the flower I’ho 
ovary may clearly show structurally that it is made up of all these' paj-ts 
at least the vascular skeleton of each being present, as in the Juglanda ' 
eeae (Juglans~¥ig. 126, F)^ and Araliaceae (Hedera), or it may be verv 
simple in structure histologically and anatomically, in the latter respect 
closely resembling a stem in its bundle structure. In this latter case 
each bundle represents a set of traces which supply a radial group' of 
organs fused phylogenetically. e i 

The Petal and the Sepal.—The petal is, in general appearance and 
e-xternal structure, a leaf, and, though considerably modified, is his- 
tologically closely similar to that appendage. The vascular system 
IS often reduced in amount and in supporting cells, the bundles beiii- 
otherwise similar to those of leaves. This reduction accompanies that 
ot the mesophyll which commonly consists of but a few rows of cells. 
The cells of the mesophyll are very loosely arranged and rarely show a 
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I IV. C loss sections of petals. A, Amelanchier larvis B LvirmnrMn A' 

mulana, showing glandular hair and secretory chamber. U 


palisade layer (Fig 129). Delicate petals may have but one to three 

ri w fl T""®, Thick and fleshy petals may closely 

esemble fleshy leaves m structure, and may even contain sclerenchy- 
matous cells. E.xcept in petals that are green or greenish in color ^o 
chloroplasts occur in the mesophyll. Secretory cells and tissues ’are, 
of course, frequent m all floral parts. The epidermis of petals resembles 
that of normal leaves, though in form of cells there is a greater range 
Cells with undulate, toothed, and stellate or irregularly lobed outlfne 
are common^ especially in the more delicate flowers (Fio-. 130). This 
structural condition perhaps results in a stiffening of the organ where 

corollas often on both the upper and the lower surface, though in very 
thin petals they may be vestigial. The guard cells of petaline stomata 
do not possess chlorophyll, however, e.xcept when the mesophyll also 
ntains chloroplasts. A cuticle is present in nearly all cases, though this 
varies greatly m thickness in differeiit plants. The epidermis of ^petals 

dmcT“*Th^^°r of various size, shape, and abun- 

dance. These he commonlym the “loops” and lobes of the irregular cell 
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widl 130, Cj Dj F). Such spticcit' lio nut (tpcii lo ouicf uii', 
however, since they are covered in all cases by the cuticle. Hairs of all 
tyiies occur freely upon petals, the papillose type lieiuK very eotiuuun. 
These very short hairs (Fig. 129, C) are responsible for th<*'-T-elvcty'’ 
aiipearance of petals. The sepal resembles tlie petal in structure, but i-s 
gemrally more leaf-like. 


■EpidermiH of corolla. ^4, from Calceolaria, B, from PvUiraoaimn. (\ from 
D, from Anchusa, JE, from Lirmm. F, from Brythrina. (Ajtrr Bitirr,) 


The Stamen and the Pistil. — The single traces of the stamens com- 
monly pass as unbranched bundles to the anther; however^ in more or 
less fleshy stamens, such as those of Magnolia, vsmall lateral branches 
extend into the surrounding unspecialiiaed parenchyma. The traces of 
the carpels may pass unbranched through the ovary and style, but 
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frequently l>ranch more or less freely, uuiny carpels having a vascular 
skeleton much like that of leaves. The epidermis of stamen and pistil 
is of typical structure, the cells usuallj" with straight walls and with 
thin cuticle or without such covering. Stomata occur on stamens only 
when these structures are expanded and leaf-like. In pistils, however, 
they occur freely on the outer surface and are even found in the epidermis 
lining the ovarian cavity. The bundles supplying the stamen and pistil, 
like all small bundles of the flower, tend to be amphicribral. In the 
stamen, the bundle extends to the anther; in the pistil, one or more 
of the bundles usually pass through the style and enter the stigma. 
Vestigial strands are sometimes found. These are the weak or abortive t 
bundles representing the supply to organs, such as additional sporophylls 
and ovules, lost in the course of evolutionary modification. 

THE FRUIT 

A fruit is a developed and ripened ovary or ovaries, with the addition, 
in many cases, of adjacent floral parts likewise modified in nature. The 
structure of a fruit is, therefore, fundamentally, that of the floral parts 
from which it has developed. For example, a fruit developed from a 
single carpel has the general structure of a single carpel; it is, in fact,; 
merely an enlarged carpel with its parts increased in size, though in 
varying proportion. In nearly all cases the morphological nature of ai 
fruit may readily be determined from the mature fruit alone if anatomical 
characters be considered. At least, the outlines of carpels, receptacle, 
sepals, etc., are visible, and the vascular supply remains essentially the 
same. The development of the fruit has involved the enlargement and 
often the distortion of the various parts of the carpels and of the stem to , 
which these modified leaves are attached. The fruit thus consists funda- . 
mentally of swollen and distorted leaves, and, though this structure is . 
normally more or less clearly evident, the terms used in description of 
leaf structure are not applicable and are supplanted by special terms. 
Thus the body of the fruit developed from the ovary wall, which surrounds 
and encloses the seed, is known as the pericarp. When this is not homo- 
geneous histologically, and distinct outer, inner, and median regions are 
evident, these regions are known as exocarp, endocarp^ and mesocarp, 
respectively. The terms exocarp” and ^'endocarp” are sometimes 
applied to the outer and inner epidermis respectively when these difi hr 
from adjacent tissues, but are most often applied to regions of several 
layers of cells, whether or not the epidermis be included. Each of these 
parts may consist of parenchyma or sclerenchyifia, or of complex tissue 
of various types. In many cases the pericarp is not separable into parts, 
being more or less homogeneous; in other cases only exocarp and endo- 
carp evident. :;In a jteity entire pericarp is parenchymatous; in 
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a drupe, there is a parenchymatous exocarp and a .sclcreiicliviuatoiis 
endocarp. In neither of these types is a niesocarp different iuh.!. In 
fruits an outer epidermis is always distinct, as is an inner epid.-nuis winch 
lines the ovary cavity. These layers may or mav not partake of tJn^ 
nature of the adjacent pericarp tissue. Each ofUiesc, (>.speeialiv tl.e 
outer, IS often reinforced by a liypodermal layer 

Tlie Vascular Skeleton of Fruits.^A fruit possesses tlie vascular 
supply of the floral parts from which it has been derived. This vascular 
supply IS strengthened and extended as the fruit deveh.ps, the tiiaiueter 
of the bundles being increased either by primary or sec'ondarv gnovtij or 
both these methods of increase, and the bundles cxlfuidod by terminal 
piimai> giowth and by the addition of branches through the newly 
loinied tissue. The main vascular system of a fruit, however tiiough 
often obscured by branches, remains fundamentidly tiie same ms in the 
flower. Ihus, where there are fifteen simple bundles in an ovarv of 
five carpels, there are fifteen large bundles with numerous anastomosing 
l.)ranches in the fruit developed from that ovary. Tfie mmUor branches 
extend tluoughout the pericarp as the smaller l.)undk\s of a leaf spread 
throughout the mesophylL The ultimate branches, like those in a leaf, 
are very slender and consist of but few elements, these being chiefly proto- 
xylem cells accompanied by a very few elongate parenchyma ceils. 
Where the pericarp is fleshy, these finer bundles appear to be more numer- 
ous than in dry fruits. 

The Epidermis of Fruits.^Both the inner and the outer epidermal 
layers of fruits closely resemble the epidermis of stems and leaves in 
form and content of cells, in wall structure and cuticle, and in the pres- 
ence of stomata. The inner epidermis is more delicate than the outer, 
but often has a thin cuticle and stomata. In dry fruits the inner epider- 
mis may be thick-walled, whereas in fleshy fruits it may in the last stages 
of ripening break up into individual cells. The cells of the epidermis are 
most commonly isodiametric, polygonal cells, as in the Kosaceae, Com- 
positae, Liliaceae, and Rubiaceae. In the Raniinciilaceae, some Scro- 
phulariaceae, etc., the cells are sinuous in outline, lobed and dovetailed 
with one another, as in the epidermis of some petals and leaves. In 
berries and drupes, and probably in other fleshy fruits, the epidermal 
cells are polygonal and very small with rather thin walls, for example, in 
Rubus, Vitis, Ribes, Vaccinium^ and Cornus. 

Periderm in Fruits.—In a few fruits of the '^russet” type a periderm 
layer arises in or close below the epidermis and is apparent on the ripe 
fruit as a rough, browgish layer, as in russet apples and pears, in Ae/ims 
and Calocarpunij the sapotes, and in other tropical fruits. In the form of 
lenticels restricted periderm occurs in apples and pears where it forms the 
on the; fruit. Corky ridges, nodules, which rejw^nt devel- 
opments of phellem,? occur on many dry fruits, as in Circaea (Fig. 131), 
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The Pericarp. — Regardlesis of the rnorplioiogical nature of the fruit, 
in histological structure the ripe pericarp may be either parenclnunatous 
and succulent, or sclerenchymatous and parenchymatous, but not suc- 
culent. On this basis fruits are called fleshy and dry respectively. Fur- 
ther classification is made on the basis of morphological nature, method of 
dehiscence, etc. Only classification on a basis of structure is concerned 
in the present discussion. 

Dry Pericarp : — The three characteristic layers of the pericarp are 
more commonly present in dry fruits, where sclerenchyma and ‘ Vlry^^ par- 
enchyma are abundant, than in fleshy fruits. These three layers vaiy 
in nature and in extent in different fruits, being either sclerenchymatous 
or parenchymatous, and ranging from one layer to many layers in thick- 



Fjg. 131. — Dry fruit of Circaea latifoUa, ..4, detail of portion of the cross section {B) 
of entire fruit, showing the pericarp with its various layers, the ridge of corky secondary 
tissue, and the large, rigid hairs. 


ness (Fig. 131). The parenchyma cells may be closely appressed to one 
another, or loosely arranged with prominent intercellular spaces. The 
sclerenchyma cells are of all types of fibers and stone cells, and may be 
mingled in any way. Often there are found, especially in exocarp, 
successive layers of different types of sclerenchyma — sometimes including 
layers of parenchyma~in each of which the cell shape and type, or the 
direction of the long axis of the cell is different. The resulting structure 
is apparently very strong from the standpoint of mechanical protection. 
In many fruits the mesocarp consists of two parts, so that the peri- 
carp is essentially four-layered, as is the case in the achenes of the Com- 
positae. In winged fruits that portion of the pericarp constituting 
the wing is usually of firm but light structure. In these fruits the sup- 
porting cells are chiefly those of vascular bundles with their fibrous 
sheaths. Between these bundles loose tissue, with intercellular spaces, is 
frequently present. In many dry fruits the thin-walled parenchyma col- 
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lapses to a greater or less extent as the fruit dries in matui-ing. Wluui the 
fruit is a firm, thin capsule, as in the Caryophyllaeeae, .luricact>ue, and 
Cistaceae, the epidermal layers and the pericarp arc madi* uj) largely of 
close-packed, thick-walled cells. No stomata occur in such cas<>s. 

Fleshy Pericarp.— In fleshy fruits the entire pericarp hpconif's soft 
and juicy, or some parts ripen in this way, the other layers Iieeoming 
dry or stony. The fleshy layer may be homogeneous, as in the apple 
and peach, or the pericai-p may consist of mingled succulent parenchyma 
and stone cells in varying proportions, as in the pear, quince, huckleberry 



Fig. 132. — Fleshy periesarp. A, J5, ripening and ripe outer pericarp of Pninaa CEnmua 
(var. Montmorency). C, ripe, fleshy pericarp of P. Oeras^is (var. Morcllo). 1), “dry,” 
fleshy pericarp of Zizyphus (jujube) . E, fleshy pericarp of Cih'idlufi. F, outer pericarp and 
epidermis of fruit of Floerkia; the walls of some epidermal cells with prominent centripotui 
thickenings. \ , ■ ' ■ 

(Gaylmsacia) , and black walnut. The fleshy cells are in all cascvS paren- 
chyma cells, usually with very thin walls, more or less turgid with fluids. 
When the fruit is ripe, these cells frequently are more or less separated 
from one another (Figs. 132, B; 133, C, F), so that the tissue is soft and 
loose; large and definite air chambers, as in Zizyphus (Fig. 132, Z>), are, 
however, uncommon. In many fruits, even in very soft types, such as 
persimmon, grape, and some varieties of sour cherry, there is no separa- 
tion of cells at maturity (Fig. 132, C). In other fruits, like the water- 
melon (Fig. 132, E)j the cells are very large and firm-walled, and when 
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very ripe separate in certain regions. Many non-succulent fleshy fruits, 
such as the checkerberry {Gauliheria), species of Crataegus, etc., have 
abundant intercellular spaces, and the cells of the flesh are not turgid 
having perhaps shrunken in ripening. ' 

\\hother or not the fleshy pericarp is homogeneous, there are com- 
monly m fle.shy fruits three, four, or five distinct layers. In berries 
only the outer and inner epidermis and the fleshy layer may be distinct, 
as in fiuits of the Solanaceae, (tomato, red pepper, ground cherry, etc.). 
More often a hypodermis of one to four rows of cells lies under the 
outer epidermis (Figs. 132, B- 133, C). This layer consists usually of 
parenchjmia cells, differing in size and shape from those below, and 
sometimes with walls so thickened as to hav'e a collenchymatous appear- 
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Vacdnium, and Gaylmsaciu. In berries the inner eiiidcrmi- iJiDiifrh 
ciilt to recognize, generally persists in the ripe fruit. Ju i!rupaeeou< 
fruits this layer may remain thin-walled or may heconic a [lari of tiu- 
stony endocarp, as in some species of Prann.?, and in Snnilmni.s and 
Sijmphoricarpos. If it remains soft, it may break down in tin; i-ipe fi'uit . 
as in some species of Pnmrts and Corntis. 

The Fleshy Layer. — In the ovary of some fruits, the colls which hiter 
form the flesh are already formed, and growth to the mature c<jridition 
does not involve cell division. Such is often the condition in berries 
such as those of Ribes (currant and gooseberry), Berber is (liarheny), 
and Vacdnium (blueberry and cranberry). In fruits witli hard endocarj) 
this condition is rare, but occurs, for e.vample, in Ruhns (raspberry (Fig. 
133, A, B, C) and blackberry). In forms where the development of the 
flesh involves the formation of many new cells, cell division occurs either 
in the radial or in the tangential plane, or in both these planes. It is said 
to be only radial inActaea, Sambucus, and Syniphoricarpos; only tmgentml 
in Vitis and Physalis; but in both planes in Cucimis, Ligusirum, Cornus, 
and Asparagus. In the development of the stony endocarp of many fruits 
it is probable that divisions take place, as a rule, in both planes; in Gaylus- 
sacia, however, the cells of the stony endoeai-p appear to be already 
present in the ovary. The rapid growth of the fleshy layer takes place 
largely after the growth of the seed, and, in st<^ fruits, after the growth 
of the endocarp is nearly completed. In ma* fleshy fruits growth is 
extremely rapid at the end of development, great enlargement occurring 
in a few days or even hours. This rapid growth consists mostly of the 
radial enlargement of cells and of the formation of intercellular spaces 
between separated cells. In partly grown fruit the cells of the developing 
flesh are often tangentially elongated; when ripe, these same cells become 
isodiametric again, or even, as in most cases of very rapid growth at the 
last, radially elongated. Thus ripening involves, histologically, increase 
in cell size and change in cell shape, the cells becoming turgid with fluid 
and the walls often excessively thin and delicate; it may also involve, to 
a greater or less extent, the separation of the cells from one another. In 
some cases the cells are already freed in part while the fruit is still imma- 
ture (Figs. 132, A ; 133, D). The dissolution of the middle lamella, which 
in some cases, as in Crataegus, is very thick, sets the cells free. The 
fluid filling the flesh cells is said to come in part from the breaking down 
of various substances, such as starch, pectic and cellulosic materials, 
organic acids, etc., into more soluble substances. During these ripening 
changes the cells and the fruit itself may not enlarge, as is the case in 
the apple, and the cells may even shrink in size, the intercellular spaces 
becoming correspondingly larger. But in many fruits, such as the 
cherry, blueberry, and raspberry (1%* 133, B, C), the period of greatest 
growth , is also that of ripenings ) It is probable that in all fruits the 
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fluids formed witliin ^ fruit, or brought in diiriiig ripeiiingv are 
retained within the cells of the flesh, even when the fruit is very ripe. 
(The extent to which water is brought into a mature, ripe fruit seems to 
be m question.) A certain very small amount of free fluid coming from 
the dissolved middle lamellae may be present between the cells, but the 
apparently free fluid found on the opening of soft fruits is probably 
always intracellular fluid set free by the rupture of the tenuous walls of 
large turgid cells. Very slight pressure is sufficient to break such cells, 
possibly even the changes in tissue tension brought about by the breaking 
of the epidermis. Although there is insufficient information concerning 
the liistological structure of ripe fleshy fruits, it seems probable that the 
cell walls of this tissue do not break down until decomposition sets in. 

The Placenta. — In many fruits, especially those of the fleshy type, 
enlarged placentae form a considerable, even a large, part of the fruit, 
as in the tomato and watermelon. Even in some dry fruits, such as the 
capsule of Epigaea, the arbutus, the placenta is large, fleshy, and berry- 
like. The placenta is, of course, a part of the carpel, though not usually 
considered a part of the pericarp. In histological structure it is similar 
to the pericarp. 

Accessory Fruit Parts.— The structure of fleshy fruits the flesh of 
which consists to a greater or less extent of parts other than carpels— 
such as the receptacle in the strawberry and the blackberry, the calyx 
in the wintergreen berr;^f mulberry, pineapple, etc., and of other parts in 
other fruits — though various in nature, is, in general, like that of other 
fleshy fruits. The pulp of the strawberry is said to be developed in large 
part by a cortical, phellogen-like meristem, which forms many cells 
centripetally. Inside this there is the vascular cylinder and the enlarged 
pith. 

In fruits developed from inferior ovaries it is commonly believed that 
the ripened receptacle constitutes a large part of the flesh, as in the apple. 
Anatomical studies appear to demonstrate, however, that this is not the 
case. In the majority of cases the outer-tissues of an inferior ovary con- 
sist of the “calyx tube,” which is adherent to the carpels. Morphologi- 
cally, the calyx tube in such cases is made up of the fused bases of petals, 
stamens, and sepals. Thus the pericarp in such fruits is morphologi- 
cally very complex. However, the larger part appears to represent the 
tissues of the calyx. This is especially true in the Rosaceae (apple, 
pear, and quince), and the Ericaceae (blueberry, huckleberry, and cran- 
berry). Thus the outer flesh of the pome fruits is doubtless largely calyx 
in nature, and only a small part of the fruit of this type is receptacle 
morphologically. The pulp of citrus fruits is of different nature from that 
of most fruits, since it consists of hairs developed from the inner epidermis 
of the carpels, which become turgid with fluid and fill the ovarian cavity. 
Somewhat similar fleshy hairs occur externally in some species of Rhus 
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(sumach) and in other genera. In another type of fruit, the fleshy parts 
are the outer layers of the seed coats, as in Punica (poinegranafej. 

Dehiscence —Comparatively little appears to be known of tlu‘ ana- 
tomical basis of dehiscence. In many cases there seems to be little or 
no histological determination of the place of dehiscence, opening occur- 
ring along /'sutures,'' which are normal lines of structural weakness, 
111 other cases a line of separation is determined by the development of 
rows of special cells weakly held together, separation later occurring 
between these rows by the tearing apart of the tissues upon changes in 
tissue tension due to drying or ripening. The development and 
specializiation of these opening cells accompanies that of the cells of the 
rest of the fruit and does not follow at a much later period as does th<> 
development of absciss layers in leaves and stems. Dehiscence is appar- 
ently not commonly due, as is abscission, to the separation of imlividiml 
cells, or to the disintegration of tissue. The stress brought about by 
unequal growth or by unequal drying out of the pericarp may cause 
sudden and even explosive rupture of the fruit along lines of weakness. 

THE SEED 

The enlarged and matured ovule with the included embryo constitutes 
the seed. To a large extent the structure of the ovule is maintained in the 
seed, just as is that of the ovary in the fruit. The general conformation is 
retained, and the external morphology and orientation are often readily 
visible. The integuments, or parts of them, together, in some cases, 
with the nucellus, are well developed and surround the embryo and endo- 
sperm, The simplicity of histological structure found in the ovule is 
continued in the endosperm and embryo, but is replaced in the seed 
coats by marked complexity. 

The Seed Coats. Morphology . — Throughout the different groups of 
seed plants the ovule has either one or two integuments. In the dicoty- 
ledons the majority of the Gamopetalae and Apetalae and some Poly- 
petalae have but one integument, as do some of the monocotyledons; 
other angiosperms have two integuments. Sometimes the entire integu- 
ment, or integuments, enters into the composition of the seed coat. 
More often, however, the seed coats are developed from a part only of the 
integuments, other parts being absorbed as the seed develops. When 
such absorption takes place, it is the innermost or sometimes the median 
layers of an integment which are removed. Further, whether the integu- 
ments develop as a whole or in part, the nucellus may contribute to the 
seed coats, becoming distinguishable only with difficulty from the adja- 
cent inner layers of the integument (Fig. 1 S 4 , D), However, in probably 
the majority of cases the nucellus is wholly absorbed and is not 
represented in the seed. The reduction of the tegumentary tissues 
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goes very far in some cases, chiefly in indehiscent fruits where 
only the two or three outer layers— sometimes only tlie outer 
epidermis — of the outer integument persist in the ripe seed, as in the 
Umbelliferae. In the Compositae the extreme of reduction has occurred, 
for the integuments have entirely disappeared in the ripe seed, :is have 
also the inner layers of the pericarp, so that the fruit is an achem^ in 
which the seed and the fruit tissues are intimately associated and not- 
readily separable. 

Where there are two integuments in the ovule, various different 
conditions exist in the seed. Both integuments may be present in the 
seed coat, the inner represented by all its cell layers, the outer {)y all or by 
only the outermost two or three layers. Here the inner integument 
forms the important part of the seed coat, its outer part forming the pro- 
tective layer (Fig. 134, 5). This condition is found in theiXIalvaceae, 
Tiliaceae, Violaceae, Hypericaceae, etc. Again, where both ovule coats 
are present, the outer is strongly developed, with protective layers, and 
the inner, though several-layered, is rather unspecialized (Fig. 134, F). 
Of such structure are the seed coats of the Cruciferae, Berberidaceao, 
Papaveraceae, and certain lilies, irises, and aroids. In the Onagraceae, 
Lythraceae, Aristolochiaceae, etc., both integuments form lignified 
protective layers and at least the outer layers of the nueellus contribute 
to the seed coats. In the Magnoliaceae the inner integument becomes the 
protective seed coat and a part of the nueellus is attached to it; the outer 
integument often becomes fleshy (Fig. 134, D). Complete absorption of 
the inner integument and of the nueellus occurs in the Ranunculaceae, 
Leguminosae, and in certain lilies and amaryllises. 

In ovules with one integument, only rarely does the entire structure 
become seed coat, a larger or smaller inner or median part being usually 
absorbed. Thus the outer layers together with the inner epidermis of 
the integument form the seed coat, as in the Polemoniaceae, Plantaginaceae 
(Fig. 134, F), Balsaminaceae, etc. In most plants with one ovule integu- 
ment the nueellus does not contribute to the seed coats; but in the 
Linaceae a well-developed nueellus is added to a weak integument, the 
median layers of the nueellus disappear, and the epidermis of the nueellus 
becomes the protective layer. So various and so obscure is the morpho- 
logical nature of seed coats that in most cases this can only be deter- 
mined by ontogenetic studies. 

Histological Structure . — Regardless of the morphological nature of 
the seed coats, these structures, except in dry indehiscent fruits, are 
histologically complex. They are characteristically made up of fairly 
distinct layers of different types of cells. Commonly on the outside, 
or near the outside, there is a layer of thiokT walled, lignified or cutiniml 
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seed is developing, are filled with food materials. These cells are 
represented in the mature seed by papery layers of empty, collapsed cells, 
the contents having been used in the nourishment either of the specialized 
layers of the integuments or of the endosperm and embryo. Between 
these layers and the heavy- walled protective layer, or sometimes external 
to the latter are other layers of various thickness, and of many kinds 
of cells. Among these are stone cells of many types, fibers, parenchyma 
cells of the greatest variety, both in size and shape, in content, and in 
nature of the wall. The successive layers are typically made up of cells 
of very different kinds, and often the cells of adjacent layers are differ- 
ently oriented, the long axes being vertical in one and horizontal in 
another, or extending longitudinally about the seed in one case and trans- 
versely in the other (Fig. 134, H), Cells with peculiarly and irregularly 
thickened walls are common (Fig. 134, F, (?), as are those of remarkable 
shape and unusual relation to adjacent cells. Mucilaginous cell walls 
are of frequent occurrence, especially where the protective cells lie one or 
more layers below the surface. In such cases there is no cuticle. Com- 
monly, however, a well-defined cuticle is present, especially in the harder 
types of seeds, such as those of many of the Leguminosae (Fig. 134, A, C), 
in Camia, CeanMhuSy etc. The scarification of seeds and the treatment 
with sulfuric acid to increase the percentage of germination are based 
in large part upon the necessity of rupture or destruction of the cuticle 
to permit the entrance of water and oxygen. Some seeds have the 
outer layers of the seed coats fleshy — those with the seeds exposed at 
maturity, such as those of Magnolia, Celastrus, Caulophyllum, and 
Ginkgo, are histologically similar to fleshy fruits; those not exposed, such 
as those of Lycopersicum (tomato), Passi flora (passion fruit), and Punica 
(pomegranate), are less complex in the outer layers. The protective 
layer, present in most seeds, is made up characteristically of close-packed, 
radially placed, and heavy-walled columnar cells. This layer is often 
called the palisade layer, and its peculiar cells are sometimes referred 
to as Malpighian cells’^ (because first described by Malpighi). The 
palisade layer of seeds much resembles, in arrangement of cells, in variety 
of layers, etc., the palisade layer of leaves. It is, however, very different 
in being a sclerenchymatous layer without intercellular spaces. The 
walls are commonly unevenly thickened (Fig. 134, C, F, (?) ; they may be 
of cellulose or be heavily cutinized or lignified. Functionally, they 
doubtless serve as a protection both against mechanical injury and 
against changes in water content in the seed. The palisade layer nearly 
always shows a ^Tight line,'' a band-like region running transversely to 
the long diameter of the cells — and hence tangentially in the seed (Fig. 
134, A)— where light refraction is different from that in the rest of the 
cells, and where the cell wall is chemically and physically modified in 
some way apparently not well understood. 
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The Vascular Bundles of Seeds.— The hurulles of seeds are iiieceLspicfu- 
OILS, and in seeds developed from Grtbotropous and eanipylotropous rniiles 
are very short or lacking. The strands lie only in tissues developed from 
the outer integument and extend to the chalazal region, or in smiw 
cases reach beyond, around the ovule even to the nneropyiar regie m. 
In rare cases two bundles enter the base of an ovule; where this ocamrs th(‘ 
ovule is usually basal and appears to possess in addition to its norniai 
supply the vascular supply of an adjacent ovule lost in evolutionary 
development. The bundles are small,mostlyamphicribral, the elements 
few, the xylem of protoxylem, and the phloem usually without sieve 
tubes. There is a marked tendency for these bundles to turn and twist 
in their course. 

Embryo and Endosperm.^ — The embryo consists largely of thin- 
walled parenchyma, in considerable part meristematic; in the cotyledons, 
however, the cells in many cases are mature. These ceils are rounded 
or polyhedral, always with intercellular spaces, and often packed with 
starch or aleurone. The mesophyll, like that of tyihcal leaves, may show 
palisade and spongy layers. The epidermis is simple and is without 
stomata where the cotyledons are thick and do not expand on germina- 
tion. Such cotyledons contain starch, whereas the thin, leaf-like 
ones contain aleurone and possess stomata. The vascular tissue is 
usually in the procambium stage; only rarely are protoxylem and proto- 
phloem elements mature, as in Quercus, Aesculus, and Castanea, The 
venation of the cotyledons varies with the plant, but in thick cotyledons 
the vascular supply is much simplified. 

The endosperm consists always of polyhedral parenchyma cells more 
or less isodiametric in shape. The walls are largely cellulose and com- 
monly thin, but in some plants, such as the date (Phoenix) and the persim- 
mon (Diosp^jros — Fig. 12, E, B), are greatly thickened, the additional 
cellulose being reserve food. Such endosperm is very hard and is com- 
monly known as horny” endosperm. The storage materials in typical 
endosperm are starch, aleurone and oils; starch and aleurone, it is said, do 
not occur in the same cell. 
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CHAPTER XIV 


ECOLOGICAL ANATOMY 


In the foregoing chapters emphasis has been placed upon nornuil plant 
structure as it is developed in regions of average or optiuinni water supply. 
Such an environment is characterized as mmophyik^ and is that which 
obtains generally in the important agricultural districts of the temperate 
zone and also in parts of the tropics, especially at the median altitudes. 
The plants which have developed in this environment arc known as 
memphyteSySJxd include the majority of the best-known wild and culti- 
vated plants of temperate regions. 

In the course of evolution plants have become adapted in structural 
and physiological features to life under conditions wliich are extreme as 
regards water relations. There is thus an extensive flora of vascular 
plants, known as which live upon the surface of bodies of 

water or submersed at various depths down to those where diminished 
light intensity and possibly pressure become limiting factors for the 
growth of plants of this type. Much greater in number of species and 
more diversified in structural complexity is the ^reat group of plants 
adapted to growth in regions where the supply of available water is defi- 
cient, that is, in a so-called xerophjtic environment. "This group, known 
as xerophytes, includes species from many families in no way closely 
related phylogenetically, which, under influence of a similar cnvirofi%^ 
ment, have come to resemble each otlier more or less closely in vegetative 
characters. Between the extreme xerophytes and the hydrophytes are 
to be found all gradations of form and all degrees of structural adaptation 
occurring in plants whose natural habitat is intermediate between meso- 
phytic and xerophytic on the one hand and mesophytic and hydrophytic 
upon the other. 

Types of Xerophytic Environment —The structural modifications 
common to xerophytes have been evolved under many different environ- 
mental conditions, and this has led to the recognition of several types of 
xerophytic situations. The most commpn of these is that found in 
’deserts or senfi-ari<J places ^hei^ihere is actually a defidehS^pf ^ rainfei' 
during either a large partorallpif.,th6 year- 
pLOi Typically, X6rp||^||e;m eta only# 
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plants can grow, a considerable number of species which maintain stems 
and leaves, or only stems, above ground during the whole year, and these 
must, of necessity, be effectively protected against water loss. In addi- 
tioii to these situations characterized by actual lack of water are those 
environments where water is apparently abundant, but is for some reason 
physiologically unavailable to the plant. Thus there is recognized a 
group of plants, known as halophytes, which grow in salt marshes or in 
certain types of alkali soil which are only, slightly toxic. These plants 
although frequently standing in water, have elaborate structural modifi- 
cations to prevent water loss, much like those found in plants of the desert 
flora. In this case the water, though. present, is of such high osmotic 
concentration that it cannot be readily absorbed by the plant; or as a 
result of its toxicity, the root system is dwarfed. A somewhat similar 
condition is found in the peat bogs of the colder temperate and the subarctic 
regions wheie the water is not absorbed, not because its concentration is 
osmotically too high, but probably because of a toxic effect upon the 
roots of the plant which hinders their development, or because of the 
very low temperature of the soil. In any case, typical xerophytic struc- . 
tures are found in plants growing in this type of situation. 

Another set of conditions which is physiologcally xerophytic is that 
found in regions where there is no actual lack of water, but which are cold 
for a part of the year. Here the low temperatures greatly cut down the 
rate of absorption by the roots, and reduce conduction generally, so that 
even if transpiration is also reduced there is a physiological shortage of 
water. This situation is particularly true where the soil freezes to a 
considerable depth. Plants which hold their leaves under such conditions 
show typical xerophytic structure, as, for example, the many species of 
needle-leaved gymnosperms which are generally distributed in the tem- 
perate and subarctic zones. 

Exposure to persistent winds of high velocity and to intense light and 
heat also has the effect of a .xerophytic environment upon plant life 
Many xerophytic situations are the result of a combination of the environ- 
mental factors described above. Thus, in a desert situation, lack of 
motyture, both in soil and atmosphere, intense light and heht, and winds 
of high velocity may be operative. 

Structural Adaptation to Xerophytic Conditions.—The ways in which 
plants have become modified to meet xerophytic conditions are many and 
varied and are of two general classes, physiological and structural. In 
the foriner category are those in which the normal mesophytic organs and 
tistyes have not been changed in structure, but have become physio- 
ogica y more effective, such as is the case with plants growing in dry situa- 
tions, which develop an extraordinarily large and deeply penetrating root 
system capable of efficient absorption, as does, for example, the olive. 
Another exan^Ie of this kind modification is fi^d in those salt-marsh 



plants which have a hi|i;her osmotic concentration within the pL'ifit than 
is found ill the eoininon inosophytcSj thus enabling tliem to take up water 
from the soil solution. With this high osmotic comauitratio!! is ('oiipied 
the ability of the plant cells to resist the toxic action of the salt solution, 
wliicii would undoubtedly be injurious to many other types of phuits. 
The presence of colloids in high concentration, increased cr^neentration <»£ 
gases, and other similar conditions are of this sort. Along with sueli 
physiological adaptations are also commonly found structural modifica- 
tions to prevent water loss from the plant when it is once absorbed; and it 
is with these that this chapter is primarily comau-ned. Some of the 
structural specializations found are of great intricacy and may involve 
nearly all of the tissues of the plant. In the majority of cases a number 
of different moans are employed by the same plant to prevcmt water loss, 

Lignifwation and Cutinization, — Among the most common of xero-> 
phytic motlifications is heavy cuticulariisation, and extreme eutinization 
of the epidermis and even of subepidonnal cells. All gradations are 
found in the degree of cuticularization from the formation of a cuticle 
only slightly thicker than normal, as is found frequenti}’' upon plants of 
semi-xeropliytic conditions, to the elaborate thickenings of extnuno xero- 
phytes in which the cuticle may be as thick as or thicker tlian the dia- 
meter of the epidermal cells. Frequently, the walls of the epidermal cells 
themselves are cutinized, and sometimes those of the underlying cells 
also. Along wi|h well-developed cutin layens are frequently found differ- 
ent degrees of lignification of the cells of the epidermis and those immedi- 
ately beneath this layer. In some forms, as, for example, the leaves of 
Cycas, lignification may even extend to parts of the palisade parenchyma 
cells (Fig. 135, C). Similar to cuticularization is the formation of waxj/^ 
as a protective covering on the epidermis. Many plants secrete wax 
externally in small amounts, but certain genera, as, for example, Coper] . 
nicia and Ceroxijlon^ the sources of carnauba wax, produce this substance) / 
in quantities sufficient to be commercially valuable. Wax is sometimes'' 
produced by plants not growing under xerophytic conditions. 

The Hypodermis.—AB an additional protection, many xerophytic 
plants possess one or several layers of cells immediately ijeneath the epi- 
dermis which function in the same way. This layer is frequently desig- 
nated as the hypodermis (Figs. 135, C; 138, A, B), Its cells are often 
much like the epidermal cells in structure, and in rare cases may be derived 
in ontogeny from the young epidermis. In most cases, however, the 
hypodermis of leaves is morphologically mesophyll, and may he in the 
form of a layer of stone cells, or a sheet of fibrous tissue. Water-storage 
iJssue of leaves is often of hypodermal position. The hypodermis of 
stems belongs to the outer cortex. Whereas a hypodermis in stems, col- 
leiichymatous or sclerenchymatous, is usually a feature of mesophytic 
structure (though a liypodermis of collenchyma is often found in the stem 
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of iujuatic plants, as in Trapa), a hypodennis in leaves is characteristic of 
xeropliytes. The hypodermis of leaves may be cutinized to some extent 
or, as is more frequently the case, may be lignified. Gums and tannins 
are common in this layer (Fig. 136, Tl). 

Sclerenchyma . — In addition to the hypodermis, xerophytes generally 
have a larger proportion of sclerenchyma in their leaf structure than is 
found in normal mesophytes. This tissue, as masses either of fibers or 
stone cells, is usually arranged in more or less regular layers between the 
mesophyll of the leaf and the epidermis or hypodermis. In some plants, 


as in Banhsia (Fig. 136, A), there is a’pOntinuous, rather thin sheet of 
sclerenchyma next the hypodermis and covering the mesophyll tissues. 
In other forms, as, for example, in Dasylirion (Fig. 135, A, B), there are 
heavy, parallel strands of fibers next the epidermis of the leaf. These 
strands cover the mesophyll except for small openings leading from the 
stomata to the interior of the leaf. In addition to offering some protec- 
tion against water loss, such splerenchyma layers, of course, function in 
the support of the organ, wd may also act as a partial screen against 
intense light. Xerophy^ ^hich.redj chiefly upon increased cutinization 
ind ;^clerificatidn of the- I^y^' ^^jf^teptibn sire commonly, dbsigii®.ted 
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Epidermal Hairs . — The modifications so far dcscriiied have J'uiie- 
tioned to prevent water loss from the plant by the formation of protec'ti've 
layers which are themselves more or less impervious to water. Another 
type of protection is effected by the cutting down of the circulation of 
air over the leaf surface and the prevention thereby of rapid (evaporation 
through the stomata. This result is brought about in many plant.s, 


Fig. 136.— -Structure of xerophytes; leaves. a sclerophyllous type, Bankaia. 
a irialacophylious type, Begonia. !>, leaf adapted to rolling, Bpartina, a1, an extreme 
type with very thick cuticle, outer||OTW|rma! layer filled with mucilage and tannin, 
mesophyll pockets enclosed in scieriMi^3™t^ stomata in hair-filled pockets, spongy paren- 
chyma sparse. B, mesophyll thin, protected by layers of mucilage-containing cell.^, sto- 
mata unprotected. C, diagram of cross section of leaf in rolled condition. 1), detail of 
porti9i,h' of stomata in furrows newly eloeed by interlocking epidermal cells. 


espej^Hy tixose of supine regiom exposed to strong winds, by the produc- 
tion matted Biure on' the under side of the leaves, or 

abundant. Hairs may also be abundant over the 
eJ^tire' Itdii^'^partjl^-itbe plant. The types of hairs are numerous: long 
and simpl^rappr^^^ or matted j stellate or otherwise' branched; scale- 
like or peltate. In each case tihey form a dead-air space next the 
leaf epidermis where air iS|Waintained at a relative huiiidit^ approach- 
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ing that on the inside of the leaf. The types of hairs, though showing 
great diversity, are often constant for a genus and even for larger groups^ 
Xerophytes which depend largely upon the hairy covering of the leaves 
and stems for protection against drying are known as trichophyllous. 

Rolling of^ Leaves. — A considerable number of xerophytes, of which 
the xerophytic grasses are the outstanding example, prevent rapid loss 
of w^ater by the rolling of the leaves. In the leaves of such plants the 
stomata are located upon the upper or ventral surface only, so that 
when the edges of the leaf roll inward, or turn upward and fold inward 
until the edges touch, the stomata are very effectively shut away from 
the outside am. An extreme example of this kind is seen in Spartina a 
salt-marsh grass, which, in addition to having the leaf tightly folded 
has the stomata further protected by placement in deep furrows or 
grooves (Fig. 136, C, D). As brought out in Chapter XII, the leaves 
of many grasses are adapted to rolling up by the presence of special motor 
cells upon the upper surface In the xerophytic grasses these cells are 
particularly well developed. Other linear-leaved plants, as, for example 
species of Dasylirion, possess leaves capable of rolling; and with certain 
broad-leaved forms the same result is effected by the folding of the leaves 
under conditions of deficient moisture. 

Xerophytic Stomatal Structure.— Since the stomata are the channels 
through which water vapor normally escapes from the plant, modifica- 
tions of the stomatal apparatus for the conservation of moisture under 
xerophytic conditions are to be expected. The role of transpiration is 
coming to be looked upon as not in itself of benefit to the plant, but as 
a phenomenon which is the inevitable result of the maintenance of the 
conditions necessary for photosynthesis. A supply of water is neces- 
sary m the leaf to maintain cell turgor and keep the cell membranes 
moist so that they may be efficient in the absorption of gases The 
stomata are necessary for the intake of carbon dioxide and oxygen and 
possibly for the passage inward and outward of other gases. The open- 
ing of the stomata permits the escape of water even under conditions in 
which waiter loss is harmful to the plant as a whole. Thus the' reduction 
of transpiration is of the utmost importance among xerophytes, and is fre- 
quently brought about both by the reduction of the number of stomata, 
either by reduced leaf surface or smaller number p'er unit area, and by 
elaborate modification of the structure of the stomatal apparatus. In 
addition to the protection afforded stomata by the presence of hairy 
coverings and by the rolling or folding of leaves, it is common in xero- 
phytes to find these openmgs much sunken below the level of the other 
epidermal cells. In these cases the accessory cells may be of such shape 
and arrangement as to form one or more outer chambers connected by 
narrow openings with the' stoma itself. Thus the opening between the 
guard cells is protected from eontact with the^iutside air and consequently 
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from air of low liumklity. Stomata of this typo aiv (‘onnuon iii tho 
extreme xerophytes, as, for example, inPinm (Fi|^. VAS, /?, C), lupii^^dtaN 
(Fig. 138, D), Cycas (Fig. 135, C), and Leptorarpus (Fig. 137, B), The* 
walls of the accessory cells in. such cases are ordinarily very thit^k and 
heavily lignified or cutinized, as are frequently also parts of the wails of 


Fig. 337. — Structure of xeropfiytOH; raicraphyliourt types. A, ts, Lpptomrpm, mono- 
cotyledon; -4, cross section of stem, if, small portion of .4; showing speciaii^ed corticui 
photosynthetic tissue, sunken stomata, lignified epidermis; die leaven, non-functioning 
scales, appearing in section outside epidermis in /i. C, Polymmella^ cross sectinn of .stein, 
showing similar condition in dicotyledon. 

the guard cells. Further protection may be given to sunken stomata by 
hairs, as in Casuarina and Banlma (Fig. 136, .4). 

Reduced Leaf Surface . — One of the larger groups of xerophytes is 
made up of the so-called microphyllous forms. Here water lo.ss is partly 
prevented by the reduction of the leaf surface so that the total expo.sed 
.surface of the plant bedy is relatively small as compared with that of 
normal mesophytes. , Abundant illustrations of this type of 

\/ 



ri.Y INTRODUCTION TO PLANT ANATOMY 


occur in all groups of plants, for example, Equisetum, Thuja, Pinus, 
Casuanna, Asparagus, the cacti, Polygonella (Fig. 137, C), etc. In 
these forms the leaves, if normal in function, are very small; often they 
are wanting in the mature plant, or persist as small scales or bracts 
which are for the most part devoid of the usual functions of leaves. In 
such cases the normal leaf function of photosynthesis is taken over by 
the stem in which photosynthetic tissues are well developed, as in 
Equisetum, Lepiocarpus, and Polygonella, The reduction of leaf surface 
is commonly combined with other xerophytic adaptations, such as 
increased sclerenchyma, sunken stomata, water storage, etc. 
f Fleshy Xerophytes. — A fourth large group of xerophytes includes 
those possessing fleshy leaves or stems, and designateias malacophyllous. 
In these forms there may not be well-developed structures for the pre- 
vention of water loss, but rather the presence of tissues adapted to the 
storage of water or mucilaginous substances. In leaves these tissues 
may be located beneath the upper or the lower epidermis, upon both 
sides of the leaf, or, in extreme types, in the center also. The origin of 
the water-storage tissues may be either epidermal or cortical. The 
cells arrusul%>very large and are sometimes thin- walled, as in Begonia 
(Fig. 136, B), Frequently, however, the walls are reinforced to prevent 
collapse when turgor is reduced. Such storage tissue may actually be 
used as a source of reserve water during drought, or may serve to protect 
the underlying tissues against excessive light. The thickened leaves of 
this type of plant tend to be terete in form, with the vascular bundles 
arranged in a stele-like cylinder, ’’^he mesophyll, consisting frequently of 
a large proportion of palisade tissue, is more compact than is the case in 
mesophytes, and the amount of photosynthetic tissues is greater relative 
to the amount of leaf surface exposed. Thus, there is a proportion- 
ately reduced leaf surface. Frequently, the stems of microphyllous 
xerophytes are provided with water-storage tissues, as, for example, 
some of the cacti and other plants of similar habit, and certain salt-marsh 
plants like Salicornia. 

Mucilages and gums of various sorts are found in malacophyllous 
plants generally. These, by their colloidal nature, together with the 
organization of the living plant, are apparently effective in holding water 
under extreme conditions of drought. Possibly, the effect of the muci- 
lage or gum has been overemphasized, since these substances, when 
removed from the plant, dry with considerable rapidity. It is true, 
however, that many plants with fleshy leaves or stems which contain 
mucilaginous substances p^re extreniely resistant to desiccation, as, for 
species of ' 

importance a factor contributing to xerophylic' 

conditions is not rJn,_,alpin^ 'situations ’^^Ke're the ultra- 

violet rays are strong and in desert regions w^here there is much reflection 
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fnmi the sand; light may be directly injurious to tlu‘ protopiasm of the 
plant. Light may also increase transpiration and thus mnier xerophytii* 
conditions may be indirectly injurious by causing watcn* loss. 
shielding of the mesophyll from these severe conditions may b(‘ acco!!i- 
piished by the presence of a masking layer of selerenchymatous or water- 
storage tisvSiie; a white or gray epidermal surface which reflects light, ur 
dense Lowers of palisade tissue with the cells much elongated, llie 
chioroplasts arranged along the walls of these elongated palisade layers 
receive the direct light rays upon their edges only. Some plants^ often 
called compass plants/^ as/ for example, species have tiieir 

leaf blades so oriented that the}^ expose only their edges to the diitjct 
rays of the sun, thus shielding tKe photosynthetic tissues. All ihese 
modifications may, of course, function in other ways as adaptations to a 
dry environment, so that the effect of light alone is difficult to determine. 
The direct effect of light upon the development of the mesophyll of leaves 
is readily seen in plants of mesophytic structure. Thus in the same 
species, leaves grown in full sunlight may have two or three dense rows 
of palisade cells, those developed in light of less intensity a single loose 
palisade layer only, and those grown in deep shade may lack palisade 
tissue altogether. 

Needle Leaves of the Gymnosperms . — special type of xerophily is 
found in the needle leaves of the gymnosperms. Here, iii some species, 
the xerophytic structures are an adaptation to an environment actually 
deficient in water. In the majority of cases, however, as with many 
species of Pinus and Picea, the plants afe exposed to xerophytic conditions 
only during the winter when low soil and air temperatures prevent water 
absorption and conduction, and do not entirely inhibit water loss from 
the leaves. In these leaves the xerophytic adaptations are chiefly 
those of reduced leaf surface, heavy cutinization, and sunken stomata. 
The characteristic structures are well shown in the leaf of Pinus Laricio 
(Fig. 138, A-C). Here the vascular tissues consist of two collateral 
bundles each made up of about equal amounts of xylem and phloem, 
which are largely secondary in origin. Immediately surrounding the 
vascular tissues is a zone of so-called transfusion tissue (p. 76) limited 
by a well-defined endodermis. Some of the cells of the transfusion tissue, 
which is of pericyclic position, show bordered pits even though the tissue 
has dtherwi» ’thei':«lppearance of parenchyma. Exterior to the endo- 
dermis is the photosynthetie tlmm, which is made up of a special type of 
mesophyll cells. 1; these cells the inward projections of the wall greatly 
increase the Walleurface upon which the chioroplasts may be distributed. 
The walls of the epidermal cells are cutinked upon the outer surface, the 
cutinization extending along the middle lamellae between and around the 
cells. The wall is thickened to such an extent, that the lumen of 
the cells is practically occluded with Hgnified material Beneath the epi- 
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Fig. l3S.“~Structure‘ of xerophytes; mi crophy lions types. A, B, C, leaf of Pmm 
ZiCiTicio, diagram of cross section, detail of small part of same, and of small part of longi- 
tudinal section through stomatal furrow, respectively. A, the two vascular bundles, 
doubly cross-hatched, surrounded by parenchyma sheath and endodermis; the meso- 
phyll with resin canals, protected by external sclerenchyma, singly cross-hatched, broken 
by stomata! furrows.^ j 5, C, the mesophyll uniform, dense, with infolded cell walls. Z>, 
detail of outer portion of cross section of stem, Eqnisetum hyemale, shQwdng cortical 
photosynthetic tissue, sunken stoma, heavily siiicified epidermis and hypodermis. 

Epiphytes. — In many situations, particularly in tropical and sub- 
tropical regions, there are species adapted to growth upon other plants 
and other supports rather than in the soil. Such plants, usually known 
as epiphytes, do not form any structural connection with the plant upon 
which they are growing, as do parasites with their host, but merely use the 
larger plant as a support. With epiphytes, water is obtained directly 
from rains moist atmosphere, aad mineral nutrients apparently from 
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the decaying bark of the trees upon which the plants iiuiy be situal(M.l or 
from dust and organic matter which lodges about the plant. In rain 
forests there may he collected about the plant a very considerable^ amount 
of vegetable detritus made up of mosses, lichens, leaves, hark, and (Uher 
material Thus the epiphyte may have a eomsiderahle amount of soil at 
its disposal. Many orchids and other monocotyledons, cMuiain ferns, 
such as the staghorn fern, Platycermm, and othe plants are examples of 
this type of plant. The Spanish moss, TillamJ.^ia, on the other haml is 
able to exist with very little mineral matter and may ('ven grow on tele- 
graph wires and wire fences, possibly obtaining soim^ minerals from linst 
blown through the air. 

The structural modifications of epiphytes vary according to the sj>eciai 
type of situation to which they are adapted. i\iany are xenjphytic in 
their general structure, as, for example, Tillanchia and a (amsiderahle 
number of orchids, the former having a hairy covering and tlie latter 
heavily cutinized epidermis and relatively small leaf surface. It is 
probable that some orchids are partly saprophytic.'" The root 
system of epiphytes may consist partly of lioldfa.sts, winch anchor the 
plant, in part of absorbing fibrous roots which are in contact with tin* 
substratum, and in some cases of aerial roots. These aerial roots, as, 
for example, in Dendrobiiim, are large and covered witli a thick, water- 
absorbing layer known as the velamen. Such a structure is apparently 
adapted to the absorption of water from the air, or for soaking up and 
holding rain. Not all epiphytes show xerophytic structure, as some 
situations are always moist, so that there is not even tennporary exposure 
to drought. 

Hydrophytes.— The group of vascular plants which naturally grow 
submersed in water, or floating, is much smaller in number of species and 
displays much less varied structural adaptation than do the xerophytes 
just discussed. This is probably due to the fact that acpiatic environ- 
ments everywhere show great uniformity, whereas the factors which deter- 
mine xerophytic habitats are niany and varied. The factors aflecting 
the aquatic situation are chiefly those of temperature, osmotic concen- 
tration, and toxicity, the last two dependent upon the amount and the 
nature of the substances in solution. Under some conditions light inten- 
sity and pressure may be of importance. These factors arc not subject 
to quick variation, and are in sharp contrast with the rapid changes and 
extreme conditions experienced by xerophytes. The structural changes 
in aquatic plants which can be considered as adaptations to environ- 
ment are therefore mainly those of reduction of the protecting, supporting, 
and conducting tissues, and frequently the provisiofi for aeration of the 
tissues by the presence of air chambers. The presence of abundant water 
supply, partly or completely sun’ounding the plant body, renders |.)rotec- 
tion against loss of water and provision for water conduction unnecessary; 
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the buoyant effect of the water replaces mechanical support in large 
measure. A striking illustration of the effectiveness of xerophytic 
structure against drying out as contrasted with the lack of protection 
found in hydrophytes may be had by exposing a xerophyte, such as 
Sediim, and a hydrophyte, such as Poiamogeton, to drying condition.s. 
The former will remain alive for many days, whereas the latter will 
become dry in a very few hours.^^^ 

Modifications of the Epidermis in Hydrophytes . — Possibly the most 
outstanding adaptation of plants generally to hydrophytic conditions is 
the change in the structure and the function of the epidermis as com- 
pared with plants in an aerial habitat. Thus in aquatics the epidermis, 
instead of being protective in function, is modified for the absorption of 
gases and nutrients directly from the water. This layer in the typical 
hydrophyte lacks cutin altogether and the thin cellulose walls permit 
ready absorption from the surrounding water. Commonly in aquatics 
the epidermis contains chloroplasts and may thus form a considerable part 
of the photosynthetic tissue, especially where the leaves are very thin, 
as is frequently the case. Stomata are wanting in submersed hydro- 
phytes (though sometimes vestigial), the gaseous interchange taking 
place directly through the cell walls. The floating leaves of aaua.tie 
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chambers, known as diaphragms, perhaps serve the same purpose Th 
Aapiragm, are often perforated witk minute openings (F% 140 m 
supposedly permit the passage of gases but not of 44.- Air'eSi* 
sei ve also to render the organs in which they occur more buoyant 
A.e)encki/ma.— Another specialized plant tissue which adds to the linr 
aney of eertarn agnatic plants is that known as 





Fig. 140. — Structure of hvdror>hvfia« d e> , 

submersed leaf, Rowing air chaabereLdredu^etvarr-l^^^ T*/,?' f’ 

diapbragma m air chambers singly cross-UXri (doubly cross-hatched) ; 

taons (unshaded). _ C, agrenohyma in Decodon cross ’sectFno^f^ showing perfora- 

elongawon of certain cells of each layer of phellem 06^1^ * ' spa«es formed by 

surface of bodi^*^of Cater^^V*^™^ 

serves to float the stems which support T 7 Lythrum, and 

Structurally, aerenchymals a yeiw S? t . 

enclose air spaces exinding w^i! partitions 

i' o ^^i-enamg paraflel with the plant axis (Pig. 140, (7). 
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This tissue is furuied b}’ a. phelk>p:en layers either eeriica! in* epitleriiiai 
in origin. At regular intervals ccutain cells of this layer give rise exter- 
nally to cork cells, greatly elongated in the radial dinauioii. Tlu\'<e 
railially elongated cells form the radial walls of the air (diaiiibers. The 
tangential walls of these chambers are composed of otfan* plndlem cells 
wliich are not elongated radially and which have be(?ome separatfal from 
the adjacent tangential rows of cells. In a pfiysiuh-^gical sens(‘ tlie term 
‘‘ach*enchyma” is applied to any loose aerating tissmx Huch tissues may 
be morphologically a part of the cortex or pitli, ami hmice fiuite dis- 
tinct from the typictil ath’enchyrna described above wluch is formed Ity 
phellogen. 

Lack of Sclerenchy})ia,-~-S\ihineYi^ed plants for the most part lack 
selerenchymatoiis tissues and cells. The support ami the protection 
secured by the presence of these cells are rendered imneet^ssary because of 
the buoyant effect of the water and the protection secured by the water 
against drying and mechanical injury. A CHudain amount of rigidity is 
secured by density of cellular structure, thick wails, and in some eases by 
collenchyiiia, but submersed plants, especially the leaves ami smaller 
stems, are flaccid and collapse when removed from the water. Scler- 
enchyma strands occasionally occur, especially along the inargins of 
leaves; here they apparently serve to increase tensile strength. 

Reduction of Vascular and Ahsorhing Tissues . — An aquatic [)lant is, in 
reality, submerged in or floating upon a nutrient solution. Adaptations 
to this environment have, therefore, been in part the reduction or elimina- 
tion of those structures which, in land plants, function in the absorption 
of mineral nutrients and water from the soil, and the conduction of these 
substances throughout the plant. Thus in hydrophytes the root 
system may be greatly reduced, -so that the roots function chiefly as 
holdfasts or anchors,' and a considerable part of the absorption takes 
place through^ the leaves. All degrees of re<luctiou of the root system 
are found. Even where reduction is not extensive, root hairs are usually 
lacking, and the roots probably do not absorb water to any extent. In 
the vascular tissues the ij^ylein shows the greatest propcjrtional reduction 
as this tissue is concerned primarily with the conduction of water, a 
function which in hydrophytes is not of great importance. In many 
forms the xylem consists of only a few elements, even in the stele and main 
vascular bundles (Fig. 139, A). Less commonly in the stele and large 
bundles, and frequently in the small bundles, xylem elements are lacking. 
In tliese cases there is usually a more or less well-defined xylem lacuna to 
mark the hormal position of the xylem (Fig. 139, S, C.) Such spaces 
resemble typical air chambem. The phloem tissues of aquatics, thougl| 
reduced in amount as compared with those of mesophytes, are in mmt 
cases fairly well developed as compared with the xylem. They resemble 
the phloem tissue of reduced herbaceous plants generally, in that the 
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> pe of situation are designated as amphibious. The best examnlp^ nf +h ' 

lew1=!^% among the algae which grow between high and low-tide 
levels Some vascular plants, however, particularly graLs and sJdi. 
aie of frequent occurrence in such situations and ma^ form most or efnf 
he vegetation in a given area. Plants adapted to th^hX^t 
re most part the general structure of mesophytes, or of halophvtes if fh 
habitat IS a salt marsh. They frequently W, howeversp^^^^^^^^^^ 

of thritf of the surface and particularly the flooding 

the stomata. Such protection is normally afforded bv cuticiilnr no 

isfTTL:^t rfr 

± r 1 , these small structures are not Kxr 

Snt is^sJbmeryd.^'" '' 

of tblT* and -Shaded Situations. -In the so-called rain forests 

■ vegetat^^robteTn atmosphere and dripping 

egetation obtain, a type of environment is produced in which nianfo 

show appreciable structural modification. Other factors eontributfnvtn 
S windT^ The til® forest floor and kck 
generaf intlmedlT hT® ^ conditions are, in 

v/Thust tyvZ tt fn hydrophytes and mesophytes. 

' cutini/ed the «t + u^ilergrowth the epidermis is only slightly 

and The and often raised above the leaf surfaL 

brldT ®°”5“®ting and supporting tissues are reduced, ^he leaves are 

“ a tJpe eomronT; 

low growing woodland plants, for example, Jeffersonia (Fig 141 C) 
iifSd cZ (Pli- 1«, A), a L of 

adapW S po‘l' 1“"“" “ P‘“** 

forming a large nart of th ®ti?osphere. The leaves of the trees 

in manT casefa^omelJ^ h^-^ovqng vegetation in rain forests show 

L , , ^ ^ th,TO, .„tu ..r^lMions. . 



Fio, 141 .-~Struoture of shade leaves. A, Cryptoaramma Slelleri; B, Circaea oipitM; C, 
Jefferspnia diphylla. SbowinK mesophyll loose, and palisade layer weak or lacking, and 
epidermis weakly euUnised. A. extreme form suggesting hydrophytic eoiidition, with 
ohloroplasts in epidermis. 

poisoBOus or distasteful to aniinals are common among plants, but the 
extent to which these are of value as protective structures is uncertain. 
Many Intricate relationships have also been claimed between animals 
and plants in wl|fch plant structure has been modified to serve as shelter 
or food for certain animals, but the validity of at least some of these is to 
be questioned. In many cases the modifications are the direct result 
of stimulation by the animal of the, plant tissues through injury or 
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injection of foreign substances. The varied structure of galls is largely 
of this nature. 

Parasites, — The structural changes discussed earlier in this chapter 
have been adaptations to environmental conditions dependent in large 
part upon climate, in which dfferences of moisture, temperature, light 
intensity, and similar factors are involved. In the parasitic, saprophytic, 
and insectivorous vascular plants, however, structural adaptation is not 
concerned with climate, but with a specialized mode of life in which the 
plant in question is wholly or in part dependent upon other organisms. 
Thus, in parasitic vascular plants there are commonly no roots excej)t 
in the seedling stage before connection with the host is made. Such 


Idetenchyma " ^ 

jFig, 142, — Haustorial connection of parasite with host- — Cuscuia on. Bidens. A, 
diagram, showing cross section of stem of host, oblique section of stem of parasite, and 
longitudinal section of haiistorium penetrating host to vascular tissues, which are double 
cross-hatched, sclerenchyma single cross-hatched. B, detail of haustorium and surround- 
ing tissues. The vascular tissues of parasite connected with those of host. 

plants as Cuscuta and Conopholis are familiar examples of this condition 
in which, early in the life of the seedling, the parasite establishes direct 
connection by means of its haustoria with the conducting system of the 
host. In this connection the xylem and the phloem of the parasite join 
directly with the same tissues of the host. Thus, the parasite is supplied 
with water, mineral nutrients, and elaborated plant foods. In establish- 
ing such a connection the tissues of the host are dissolved away by 
enzymes secreted by the parasite at the points of contact where the haus- 
toria of the parasite are formed (Fig. 142). After the connection is 
once established, new secondary vascular tissues may be formed by the 
parasite as it develops. These cpn^imie the connection with the newly 
formed tissues of the host. . 
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In the true parasites all tissues concerned with the function of pfioto- 
synthesis arc functionally greatly reduced or entirely wanting, sonn^times 
(existing a>s useless vestigial structures. Thus in such plants as Ca.srMa 
and Arccnfhobium, the leaves are reduced to scales and chhm?phy!l is 
wanting thixjughout the plant. The structures which remain are such as 
are of value to the plant either in establishing new host eonneetlotis or in 
producing seeds in large numbers. In Cmcula, shmder nuked branches 
may extend like tentacles in all directions during the veg(dativo period of 
growth. These twine about any liviiig plant they touch and hausturia 
arc developed rapidly. Later, great numbers of fruiting branches are 
produced. Such a plant may hmn a large iiurnlHU* of host eoimev.tiom. 
Other plants, as, for example, CmfophoUs and (Jrohanche, make only one 
host connection, l)ut penetrate dee])ly into the ro«d the host. In such 
cases the parasite may form a flowering axis only. Besides these complete 
parasite>s which depend wholly upon the fiost for food and water, there are 
a considerable number of so-called ''half-parasites/’ which, although 
connected directly with the vascular tissues of the host, apparently rnami- 
factiire some part of their own food supply. The mistiidoes, Viscmn and 
Phoradeudron, are familiar examples of this type of plant. Here water 
and mineral nutrients are obtained entirely from the }n)st. (Carbohy- 
drates arc probably, at least in part, formed by the parasite. The con- 
ducting tissues of parasites are commonly much reduced. Sclerenchyma 
often supplies nearly all the support of the stems. 

“Saprophytes.” — The term saprophijkfi as commonly applied to vas- 
cular plants refers to a group of chlorophyll-lacking forms which have 
been said to secure their food supply from decaying organic matter, 
much as do many of the fungi. Many and probably all such plants are 
associated more or less closely with fungi in their underground parts. 
The method by which such plants obtain food materials is apparently 
bound up in some way with the physiological activities of these fungi. 
The nutrition of saprophytes is thus a very complex matter, and is not 
well understood. It seems to be clear, however, that such plants are 
not strictly saprophytes that they are, to a certain extent, at least, 
symbiotic wdth or parasitic upon the lower forms, or are associated in 
nutrition with them. It seems undesirable at least to call such plants 
saprophytes until their methods of nutrition are fully understood. 

Plants of this type are usually greatly reduced in structure-* the 
leaves are scale-like and the stems are reduced largely to inflorescence 
axes. Internally, there is also much reduction a, ml simplification of 
structure. The xylem and the phloem are small in amount and the cells 
of these tissues often abortive, and sclerenchyma is scarce. The roots 
may be well developed and abundant in proportion to the aerial parts, as 
in Monotmpa, or may be lacking, rhizomes taking their place, as in 
Corallorrkiza. Where roots are present, they are usually of peculiar 
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structure owing to the association with fungi. Roots of unusual form, 
together with the fungus hyphae associated with them, form niycorhizne. 
Two types of such roots are recognized : ectotropMCj those in which the 
mycelium forms a more or less superficial layer or coating about the roots; 
and endotropkiCj those in whih the hyphae lie within or between the root 
cells themselves. 

In ectotrophic forms the fungus hyphae form a tissue-like weft about 
the root^ enclosing it like a glove about a finger. The mycelium is closely 
appressed to the root, and some of the hyphae penetrate between and 
around the epidermal and subepidermal cells. In some forms there is 
little penetration between the outer cells, in others the cells of the epider- 
mis and of several outer layers of the cortex may be surrounded by 
hyphae. 

Rootlets invested by fungus hyphae in this way are of unusual struc- 
ture— they have neither root cap nor root hairs, are of limited growth in 
length, and are fleshy with their conducting tissues greatly reduced. In 
endotrophic forms also the roots may be enlarged and fleshy, but there is 
less reduction of vascular tissues. The hyphae are usually restricted to 
a special part of the cortex where a definite layer of infected cells may 
occur. In non-green plants the interrelationship of the two plants is 
obscure. 

Mycorhizae occur on many green plants also; they are known on 
several genera of forest trees and in many members of the heath family. 
The relationship of the fungus and vascular plant in green forms is not 
understood, but it is probable that with forest trees and basidiomycetous 
fungi, the latter are parasitic upon the former. In some endotropic 
forms some type of symbiosis may exist. 

Insectivorous Plants. — comparatively small number of vascular 
plants are specially adapted for the capture and digestion of insects and 
other small animals. They thus obtain a supply of protein and probably 
other organic material without synthesis on the part of the plant. The 
structural adaptations are those which provide for the capture and diges- 
tion of the insects and for the absorption of substances obtained from their 
bodies. In Sarracenia and Nepenthes the leaves form pitcher-like organs 
containing water, into which the insects fall after being trapped within 
the pitcher by various means. Digestive glands secrete enzymes into 
the water where digestion takes place and from which the proteins are 
absorbed. The fly traps of Dionaea and the tentacles of Drosera bring 
about the same results in a different way. The insects are held by the 
leaf or its tentacles and digested and absorbed by epidermal glands. 
The structure of digestive glands is considered in the discussion of secre- 
tory tissue in Chapter I Y. 

Symbionts. — SymMosis, in wliiqh two organisms are associated, each 
dependent upon way, is rare or wanting 
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among \mscular plaiits a So-called relationships have Ihhhi 

claimed for the association of the nitrogen-fixing bacteria with tlie leg- 
umes, Mms, Cea/mthuSj and other plants, and for the fungi Iti n]3'<‘0- 
rhizal association with the Ericaceae, the orchids, and certain forest 
trees. In these instances it is apparent that the host plant is Ijcaiefited, 
though perhaps indirectly, by the microorganism. The structural modifi- 
cations of the nodules, which are modified rootlets, however, are inore 
of the nature of galls or abnormalities caused by parasites, and therehne 
belong rather in the field of pathological histology than in the present 
treatment. 

In any discussion of the adaptation of plants to their environments, 
the terminology used for the sake of convenience is likely to give the 
impression that the environment in some way has caused tlit* plant to 
produce the adaptation or that the plant in some way consciously or 
purposely has done something to meet the situation. This, of course, is 
not the fact, as the effect of environment has doubtless been for the most 
part, merely to eliminate forms which are unable to withstand the existing 
conditions. With some structures environment may have been a direct 
cause of adaptation, as, for example, the probable production of heavily 
lignified tissues under conditions of intense light. The production of 
quantities of lignified tissue under such circumstances might ptKSsibly be 
the result of the increased photosynthesis or other chemical change due 
to the increased light. Just how the changes of stnicture are initiated 
is not known. The vast period pf time over which the selective action of 
environment has been operative, and the possible value of slight variations 
must always be borne in mind. 

The above discussion is only a very brief statement of some structural 
adaptations of plants to their environment. In nature the details of 
such adaptation are almost infinite in number and variety. All may, 
however, be interpreted on a basis of comparison with the structural 
features of mesophytic plants. 
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CHAPTER XY 

A SKETCH OF THE HISTORY OP PLANT ANATOMY 

Among the various fields of present-day botany, anatomy is ofU-n 
considered to be largely of recent development. And such it i.s in certain 
aspects, especially those of the understanding of the morphology and 
phytogeny of both gross and minute features of structure, and those of 
knowledge of the detailed structure of comple.x tissue's, ’ikd anatomy 
had its beginnings — beginnings as e.xtensive and as important as tho.se of 
taxonomy and morphology— in the studies of the Greeks in the last few 
centuries before Christ; and its foundations were laid in the sc'venteenth 
century, when it became more firmly established than taxonomy, mor- 
phology, or physiology. 

The advanced position of anatomy in botanical science in the 
seventeenth century was, however, only temporarily maintained; during 
the following period of nearly two centuries progress was stow and vacil- 
lating. Meanwhile, taxonomy progressed through the important 
Linnaean period, and physiology through the times of Hales, Priestley, 
and others, to an equally important foundation. In anatomy, sub- 
stantial progress began again in the middle of the nineteenth century, 
and at this time and during the decades immediately following, it per- 
haps may be said to have attained its maximum rate of development. 
Since this period there has been stow and steady progress, with somewhat 
more rapid development along certain lines in the past twenty-five or 
thirty-five years. 

Throughout its progress, development in anatomy has been to a large 
extent dependent upon the stimulus of interest in some allied field. 
When paleobotany turned to interpretations based upon anatomy, the 
great impetus given to its own progress and to interest in phytogeny 
extended also to anatomy and vitally influenced the progress of this field 
of study. Advance in anatomy— after the, first steps were taken in the 
sixteenth century and again in the early nineteenth century— has been, 
throughout, to a very large extent due to int^st in comparative mor- 
phology. Only for brief periods has descriptive anatomy, as such, 
prevailed, and only rarely has descriptive or physiological anatomy con- 
tributed substantially to increased knowledge of the field. The fact 
that comparative morphology has dominated advance in anatomy has 
been of the greatest value in the laying of a solid foundation; study in 
this field has made clear the fact that oidy on such a basis can the most 
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satisfactoiy progress be made. The most recent advances in anatomy 
have also been connected with the pursuit of phylogenetic studies. 
Anatomy is to an increasingly greater extent playing a part in the estab- 
lishment of a natural system of classification— the goal toward which 
the efforts of morphological and taxonomic study are directed. 

Anatomical study began in England, and since the days of Nehemiah 
Grew has continued almost without interruption in that country. Dur- 
ing a large part of the nineteenth century the leading workers were in 
Germany and France; at the end of the century, however, the center of 
anatomical research passed back to England. The maintenance of 
interest in anatomy in England is doubtless due in large measure to the 
fact that early important studies were made there; to the development 
of paleobotany by the anatomical study of the wonderfully preserved 
flora of the English coal measures; and to the stimulus given to the study 
of the comparative anatomy of living forms by the study of the structure 
of ancient plants. It is, therefore, natural that English anatomists 
should direct their attention to comparative morphology and phylogeny. 
In Germany, the latter viewpoint has played an unimportant part; the 
numerous, important, and extensive studies made in that country have 
presented detailed structure with great accuracy, but are, as a whole, 
largely without correlation as to morphological or taxonomic meaning. 
Physiological plant anatomy has come almost wholly from Germany. 
In France, there has been a tendency toward broad morphological studies 
of a comparative nature, and these were numerous in the last quarter 
of the nineteenth century. In the United States anatomy has not at 
any time been a popular field of study; and only in the past thirty-five 
years has important research in this field been carried on here. Valuable 
results have come, however, from the restricted number of studies thus 
far made, throughout which the influence of the English viewpoint is 
dominant. 

The Beginnings of Anatomy. — The interest of mankind in pla nts in 
a way that can be called truly scientific be gan, so far as we know, with 
the Greeks in the last centuries befor e the Christ ian era. Rudimen ts 
of"tEe iHence"or 5o'5^ writings of the ancient Greeks of this 

time7T)ut only~ in the books of Theophrastus of Ern sus iako ut 36 9-262 
B. C.) are distinctly botanical treatises foun d. Aristotle, the tutor and 
friend of Theophrastus, is known to hav^w ritten extenskely about 
plantsTbutljE^^ have Be^ ^Ipst. The disciiss iQns^.fl5iaopEras- 

tus are philosophical in natu re. His essays on structure deal with the 
kin3s of organsTTEeTila^^ of organ to organ, and of kind of organ to 
kind of organ. He dig^ tinguished in a tree, roo t, stem, bran ch. leaf, lower, 
fruit, and m aintai n s that thi s is a norma l sequence :. h e even reoogiiizes 
rooEl lifBich ^^ are aerial; TI umSTi^tablishe^ tb nJbegmnings 

of des criptive morphology . These , morphological studies he extended 
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to gross internal features, to the anatomical structure of stems, roots, ami 
leaves. H e savs: “Plants are made up of ba rk (phloio it), vood 
and pith (met ro), when p it h is p re sent. ” Thus, two the he.st-known 
ancTmos t-used ana tomical terms, phloem and xyfe m, go {iacF,'Th appro.xi- 
mat elv the ir present for m, to the very beginning s of anatomy; they aie, 
indeed, classic terms. By the use of these distinetion.s Tiumphrastii.s 
flPH Arihefi in .q, roug h wa.v th&.gxQSSjlifiexeiiceaiii the ste.ms o/jlic^tylmlorm 
ancl.ijKurocotyledoiiSj-.aad even discusses the nature of annual ringsT 

Theop hrastus _describes the stenrrh''moro detaO,' as’a TtihiTc of vi-iris, 
n erves, and flesh, not implying by these terms, however, honiology'wrth 
animal tissues. Veins and nerves are essentially one and the .same, the 
nerves being t he minute fi ber-l ike pa^, the Veln s'TTIeTaf gc'r stf ani t.s, 
app.a rentlv~the vascu lar bundks. Veins and nerves arc cTiaracterized 
by the fact that they can be split, but not otherwise readily .separated; 
whereas flesh can be readily divided in all planes “like a lump of earth.” 
He re is the beginning of the old anatomicaj^ classification of tissues - 
o ne to wh ich alpresent occ aiibnal ietereSie can still be fou nd'-a s pro- 
seni 2 li 3 ma..and parenchyma. Having distinguished the elements of the 
plant body, Theophrastus was able t o state th at wmoiiJs .composed of 
nerve s an d moist ure; pith, of flesh and sap; bark, of jrerves, fl esh, a nd 
sajB,^ Here was made a real beginning^ an acqiiiHtirnce'wutE'fhe struc- 
ture of plants. Thus did Theophrastus lay foundations in morphology 
and anatomy. At the same time he made important beginnings in 
classification, especially in nomenclature; many of our present-day 
generic names were first used by Theophrastus. For these reasons this 
Greek student of the third century before Christ has been called the 
father of botanical science. This may be said of liim with e.spccial 
significance as regards anatomy. 

After the meager and crude, but still fundamental, eontributioms (jf 
Theophrastus to the science of botany, th^nterest of the G reeks in pur<> 
ho tanv ranirlly de clined; and though botanical study waTcpSlmhed 
sporadically for a fea L centuries by tHeih and bylKcHr omflas> it t ook t he 
form of th f. applicfli iorroTbotanical knowledge to medicin^ and ’^gri- 
e,ii1toi^r~~^ the rls&j£ the~ Chnstian ^dfliinl5s7'^H^ by~their 

au^ritative statements all inquiry into the origin and nature of living 
things, b egan the “Dark Ag es” of biological sciaace. For bo tany th is 
pe riod be gajTtolS hten only in^ thg early part of the sixtcentE~ciitirry 
with the studies'bf 'the,5Sb^st8, and with tEe“advahces in classification 
made at the end of this and' during the early part of the succeeding 
century. Thr oughout this p erioAjwMskJrm-One of progreas in taxon- 
omy alone , nlal ^escri^ on w as based on exte rnal morphology, since 
mSn^s of magnification were then unknown. Only by Valerius Cordu s 
(1515-1544) and Andrea CaesalpincMy 51^1603) were investigations of 
the internar^ ynTfimFrorpte^^ The former*added brief descrip- 
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tioiis of stem and petiole sections to his taxonomic descriptions, and the 
Italian botanist in his philosophical speculations made- suggestions as to 
the anatomy of the plant which he gained in his search for its soul. 
Doubtless, n ^alnino’s search was in large part theor etical, as he 
played a pronunimt^rt in starting the”wave ctflnterest in “idealistic” 
morphology which swept the field of morphological study during the 
next two centuries, and culminated in the philosophical morphology of 
Goethe and his followers. Though all Caesalpino wrote was obscured 
by Aristotelian philosophy, he appears to have made many good observa- 
tions, and to have restarted botany on a basis of more exact terminology. 
Cae salpino postulated the presence of canals for condu ction, an d o bserved 
thaTmmy roofe l acked pith. However, in the sixteentEcehtury, nothing 
of nSwnenTwas accomplished to break the long blank interval of nearly 
nineteen hundred years from the time of Theophrastus to the sudden 
awakening of anatomy in 1671. 

The Discovery of the Cell. — In the middle of the seventeenth centur y 
a new field of botanical research was abruptly established by the we of 
to determine details-Jjf J tttfiJHial.^^ Curiosity as to the 

i^^^'itmcturerfl^ led quickly to the rise of anatomy. QnfLii 
the first of the investigat ors who exam med all sorts . .dbloga^wjth the 
“ fegTtovT^ the^m^nlBngTSSr^ what they were likgil wa| the 


EngUSnanTRobCTt HookeTI^35-1703). Hooke, more or less inciden- 
— lie -inras a matnematician and an architect, and not in any way 
actually interested in plants— found in connection with his examination of 
various things under the lens that plant tissues are made up of J inits 
whichhgJejmadAicells.” He found tha t cork and char<m l, as well as 
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other, at the same time monographs on the sti-iiciurc of plants 

which stood for a ccntuf^TSTImiiaSdaS^ Holh men 

approached the study of plants from the standpoint of .medicine, hoping 
to find Jn plants structural conditions comparable. jyLth 
Grew studted'“5lffiFMfuctu?^^^^^ years before presenting '^The. 

Anafomy of Vegetables B^uji/^ which was published l)y the Ro.ya! 


Fig. 143 .— Sumach Branch, cut transversely . . , with several breaks to shew 
ye Contexture both of ye l^erpendicular Horiisonfeal Fibers.’* {The Anatomy of Plants, 
Nehemiah Grew, 1682 .) 


Society ia 1672,;ai^4 ppMeoted in. print aLtfafc-J^ftry tiroft mhm the Society 
re ceived MalpigM’e m&nPeoript dealing with .t he m.me-8iibiect. There 
seeme' to'' b^noq^ that the work of Grew deserves priority, 

though the papers of both men were received by the Society at the same 
time; nor is there any question but that the work of each was wholly 
independent of that of the other. In their later studies, however, each 
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owed miicli of suggestion and information to the other. Gr ew^s fos t 
publication was morphological, l argely, rather than a natomical; it was 
followed byThfee~TTtiiel^ strictly anatoinica^^ 

treatise, published in 1682, being “The Anatomy of Plants, With an Idea 
of Philosophical History of Plants, and Several Other Lectures, Read 
before the Royal Society. In these four papers Grew discusses the 
gr osser structure of plants, contrasting the vascular skeleton with t hat 
of animals^and describes the finer structure in mucli detail. This seems 

to-^ ba ve be e n d - eno with infi n ite care arrd :’'grHHr‘skiIl^ His detaiTdoes not 

to any great extent reach to the description of the cell itself, but deals 
largely with the manner injvhich tissues are built up of cells. He thought 
of th e tissue of plants as a complex web of fine threa ds (Fig. ^ 

The most unfeigned and proper assemblance we can at present make of 
the whole Body of a Plants is. To a piece of fine Bone-Lace, when the women are 
working it upon the Cushion; For the PiiJi, Insertions [rays], and Parenchyma 
of the Barque, are all extream Fine and Perfect Lace-work; the Fibers of 
the Pith running Horizontally, as do the Threds in a Piece of Lace; and 
bounding the several Bladders of the Pith and Barque, Ab the Threds do the several 
Holes of the Lace; and making up the Insertions without Bladders, or with very 
small ones, as the same Threds likewise do the Close Parts of the Lace, which 
they call the Cloth-Worh. And lastly, both the Lignous md Aer-vessels, Btmd 
all Perpendicular, and so cross to the Horizontal Fibers of all the said Paren- 
chymatous Parts; even as in a Piece of Lace upon the Cushion, the Pins do to the 
Threds, The Pins being also conceived to be Tubular, and prolonged to any 
length; and the same Lace-work to be wrought many Thousands of times over 
and over again, to any thickness or hight, according to the hight of a Plant; 
and the general composure, not only of a Branch, but of all other Parts from the 
Seed to the Seed, 

Thus Grew recognized, in a way, vertical and horizontal systems, and 
the constancy of these conditions throughout the plant. 

Grew presents a classification of plant tissues, which in its crude 
separation of progenchvm a frQni ...paxen.ch v .n]a is essentially the same as 
the classificatioffofTEeoj^rastus. In his own words : 

All the Parts of a Vegetable, the Root, Trunk, Branch, Leaf, Flower, Fruit, and 
Seed, are still made up of Two substantially different Bodies ... All 
properly Woody Parts, Strings and Fibers are One Body: All simple Barques, 
Piths, Parenchymas and Pulps ... all but One Body, the several Parts of a 
Vegetable all differing from each other, only by the various Proportions and 
Mixtures, and variated P<yres and Structure of these Two Bodies. 

apparent that Grew understood the method of secondary growth. 
This takes place, he says, ^ 

, . . betwixt the Wood and Barqm . . . every year the Barque of a Tree is divi- 
i ded into Two Parts, and distributed two contrary ways. The outer Part f alleth off 
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toward the and at length, becomes the Skin it self , . . The iimiost 

portion of the Barque is annually distributed and added to tlie Wood; . . . 
So that a Ring of Lymphaeducts in the Barque this year, will be a Ring of Wnnd 
the next; and so another Eing of Lymphaedmis and of Wood, .successively, from 
yeanto year. ■ . ■ ■ ■ 

An importaDA structural condition seen bv G rew is the fact that the 
x yleni in of 

r oots fornas a solid core of st^n s.„^Ji^ I p plants, 

Grew looked for vessels like those of animals , and found them in spira l 
v essels— already discovered by Malpighi— which he describes with 
precision. HoweveiTSe'Se^b ^^fine narrow Ribband, ’woun’d 

spirally; and Edg to Edg;^^ the primary wall was not seen. He could 
see and understand parenchyma better than other tissues. ParmichY nui 
to hipajwafr^^^^ The sides of mmo 

of them, are Visibly bounded within itself. So tiuit the Panmchyma of 
the Barque, is much the same thing, as to its conformation, which the 
Eroth of Seer or is, as a fluid . . .d' 

4 The terms parenchyma and ^^vessel^- thus go back to (Jrew in 
inuch the sense of present-day use. - Other terms, such as 'Taiticle'' and 
cortex/^ apparently first used by him, have today different values. 

There are evidences in a personally annotated copy of ^^The Anatomy'^ 
that Grew after the publication of his papers also studied tlie ontogeny 
of tissues; in his notes he observes: ^^Air-vessels of Parenchyma, trans- 
formed, as Caterpillars to Flys.”^ 

Grew's work was colored by the philosophical tendencies of the time, 
but to a surprisingly small extent. In his mild manner, he protests 
against the growing idealistic conception that it is according to the 
idea of the philosophers that things are so and so, no matter what the 
actual condition is.” 

^'Grew believed that the ^Outward Elegancies of PlardP miglit be for the 
purpose of giving delight to the human race, but he was tlio first to point out 
that as the Tnward Ones, which, generally, are as Precise and ^hirious as the 
Outward,' are so seldom seen, their purpose can hardly be for this, f}ut must 
be for the benefit of the plants themselves, 'That the Corn might grow, so; 
and the Flower, so, whether or no Man had a mind, leisure, or ability to under- 
stand howd 

This was a strong statement at a time when it was believed that the 
purpose of the entire organic world was but to servo mankind, when it 
was held by some that even the fossils in the rocks were <Uvinely created 
ornamentations of the interior of the earth for the pleasure of man when- 
soever he might happen upon them. Grew was, indeed, a man before 
his time, and well deserves the title of '‘founder of plant anatomy.” 

‘ i Makers of British Botany/' p. 52. 

' ® '^Makers of British Botany/' p. 64. 
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' Malpiglii's work covered much the sam e gi’ound^gj^^ of Grew, 
and his conceptions were much like those of Eis fellow worker, EuT were 
even less affected by philosophical considerations. In his generaliza-^ 
tions he was, however, less acute and less thorough than the English 
anatomist. Like ^Grew, Malpi ghi believed wood to be d erived from the 
inner^ark b y t ransfomation. an opin ion very closely CGrrect“ai“H^ 
readily be understood. Cre dit sho uld be given Malpighi for the dis- 
coyery of spimWessels^a discovery which Grew later expanded — 
fbr the"''di i^very"o rst Grew, he sp eaks fr ee ly o f tissues as' 

maSe'up of but he did not understand 

these to be cells as they are thought of today. He saw tyloses and illus- 
trated them, but quite naturally, did not distinguisfi them from other 
bladders. Many of the terms used by Grew were taken up by 
Malpighi. The latter, himself, established few terms; his Latin term 
liber for the fibrous elements disposed in sheets in the inner 'hortex” 
persisted for a very long time, only gradually to be replaced by the 
Anglo-Saxon 

Both Grew and Malpighi related their anato mical d iscoveries to 
func^j^ilijQSZ^ invesHgatio ns to ^ stage in* many 

ways^omparable with that iiacKedinn^^ of structure. On 

t his acco unt th ey Eaye been called physiological anatomists . Grew 
dealt especially with functionasrelated to structure in his investigations 
of the movements of sap. Both of these investigators also made 
morphological studies of flowers, leaves, and roots. 

The Eighteenth Century. — After the death of _Gi!ew^ in terest in pla nt 
anatomy wajB> ^ in England p butj xise s kwlv omthe continent of E urope, 
where increasing numbers of students took up this field, attracted doubt- 
less by the opportunities presented by the constantly improved micro- 
scope. Through the eighteenth century the errors and misconceptions 
of the two anatomists of the preceding century were gradually removed, 
but only too often were replaced by others equally bad or even worse. 
Th e prevalent id ea that all vessels we re spiral was ba ni^ed^^ by the 
Dutch stu^nt, "Antony van LeeuwenEp eF^ TTBS^^ who firs t 
de^ ^cnbed Pitted vessll^. ” ThK!! Mhh]F Q^ t of kh e^f^iahcr 

Ri ndd: begun bv Jlr e.w and MStoigSipw^^ 

arboriculturist, Du H amel (1700-1781), who gave th e tom camb ijM^to 
. ^gelatinous generative zone ih the"**^^ I n (ymn anv, 

C aspar Friedrich Wolff (1733'-'1794) studied plants persistently under the 
influence of the idealistic, morphology which was then at its height. 
t Fplffs theory that as matri x ^^hlled,. .^^ 

Sn hblSTjais^ re sear^^Inthe^ of tissue, 

of ‘n^oSTipxpoi^^ 

of the oi^hteenth eentur^^^wa^ a period of 

the.'eiceptibn bf teotibmy; 
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in^PTintivc morphology made but little advance, and “intcmial morphul- 
but IMc more. During the entire century no aJrance 
ofimportanoe was made in anatomy, and no work replaced that of lla p - 

and Grew until well into the nineteenth century. 

The Nineteenth Century.-in.,IVMffi,-JM^^ 

Charles Francois-Mirbeljr776-4854)^^ 

hava..ope 


ava.o^fll^ in his theory of tissue structure and of cell oripn 
(1766-1833); and, though the controversy m w uc i 


te information as to tne uaume „„reed 

as cells, it brought “^tomy again mto pro^^ iS’thaTl.' 

i/r;vhAl cells opened 


\y agaui luw 

with Mirbel that cells opsfiedjnto^£jcnpi^ 

'' lafi-i-T-N.. — of old cells as small vesicles vhichjictjorae 

celi^.ana«®mt^tent^^M^^ 

enlaBeJJ;;LJt!a°ife.!^ 3ifeb.i?^^ years 

staxd 3 wgEains.) In jihis t ^fl^^lShl) Treviranua, while 

r^raS"rc1 SnJSS^ns also hrst saw the 
development of the spiral band in continued 

observer and M ^ j tJaUllJl™riairiJn.aB™^^ 

annulareletn£3^ hv a primary wall. He 

JdbS" aorLcurJifaciMtda^ 

noted that this_ty;£e — as claimed by the 
stated that »' 


‘kint, of Mirbel Sprengel, and others concerning the ongin 

The discussions of Mir ’ P ^ ^ i l^he matrix in which they 

“'‘"T“"SrrfH"X.Wy of these. J^mpWfob 

lcy_ the “mf^» ' introdneesUhoMW uiethrM^o^ 

^!JL. at once'Ss^aS^ESCM.!: 

. Hke babble in a structureless xnAtnx. MoWenMw 

=rrrmC +^rm Hhrovaseidm' omm, 


■ ‘Which 


. 4:i- .U 


-T -fo , I 



c<pto SLts were 

vm MohJTin bis ea;rlier work, was prejud 


'j ^rimordM 
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It is evident that Moldenhawer saw clearly the compound nature of the 
bundle^ and this conception enabled him to look upon the stem of a 
dicotyledon as made up of vascular bundles which gradually fuse to 
form a woody cylinder, another morphologically incorrect idea which 
has persisted to the present day. 

The discovery of the individuality of the cell wall stimulated the 
study of this structure, and a long controversy arose as to its origin and 
nature. In the study of the cell, the cell cavity yielded the position of 
importance to the cell wall, which now became ^Hhe cell,^^ the contents 
of the cavity being thoug ht of merely as ^^cell conten ts or f^nutAnt 


sajaJl- In terest In the latter was thus, for the time being, s ubordina te, 
though it canm to the front briefly in 1 831 through the 

of^thn ^^cleus_bjy_Rpb^^^ Brown 


Fig. 144.— -Hugo von Mohl (1805-1872). 


(1223:^1858). The nucleus, ''how- 
ever, had been noted by others 
before, though no suggestions as to 
its probable importance had been 
made. 

The controversy over the origin 
and nature of the cell wall naturally 
involved the origin of cells them- 
selves, and the first suggestions of 
cell division, as distinct from free 
cell formation, seem to have been 
made by Franz Julius Ferdinand 
Meyen (1804-1840). Meyen, how- 
ever, did not carry his investiga- 
tions of cell division very far. His 
interest lay not in studying struc- 
ture, but in writing about it. Fur- 
ther, his observations were, unfor- 
tunately, inaccurate. He stated 
'Hissue organs^^ — cells, spiral tubes, 


that there were only three kinds of 
and sap vessels; in this statement he neglected the discoveries of 
Treviranus that vessels consist of fused cells, and went back for the 
basis of most of his statements to the opinions of older writers. 

The attention given to the cell wall was, however, soon replaced by 
the rapidly increasing interest in the ''cell contents.'^ To students of 
cellular structure it became increasingly evident that the most iin portant 
pa^r^the c ell was this " co]nt ^nts,^| from which attention had been tem- 
porS^^'Tiirned'^aw^T*"^^ was firpt strongly e^ressed b y 

144), who emph asized the fact thsJLthe 

.ts were " 



A SKETCH OF THE HISTORY OF PLANT ANATOMY 


331 


the older anatomists, and doubtless drew the term “utricle” from them. 
The great structural and functional importance of the “primordial 
utricle” soon became apparent, and, though the term was an unfortunate 
one in several ways, it persisted for a long time. Vo n IVIohl .stated that 
the utricle w as made up of vrotovhsm. a term which was already in use 
by zbologfets' for the contents of animal eggs. WitlTtlieTeeognltion of 
the fundamental nature of the protoplast, tHis initiated by von Mold, 
the use of the term “cell” became more or less fixed in the sense of proto- 
plast; and this interpretation of the term — the wall being merely a limit- 
ing or protecting secretion of the cell, and not a part of the living cell— 
has persisted largely to the present day. Occasional efforts have been 
made to demonstrate that the wall is definitely a part of the living cell, 
that is, that it is composed, at least in part, of living material. In this 
question of the possibly partly protoplasmic nature of the wall of living 
cells there seems to be at present renewed interest. An answer to the 
question would definitely end the vacillation in the meaning of the term 
“ cell ” between lumen, wall, protoplast, and protoplast plus wall, which 
began with Hooke and continues today. 

The Cell Theory. — The great stimulus given to the study of cell con- 
tents by the discovery of the similarity of “protoplasm” in animal and 
plant cells, added to the ever-increasing information as to the omni- 
presence of cells, soon resulted in the beginning of a theory of the struc- 
ture of organic bodies. This foundation was laid by Matthias Jacob 
Schleidea 11 804 -13811 and Theodor Schwan n (1810- 1882), who wo rked on 
plant^l^aM^Snmartissues',' respectively T ndep^tifleTitl v. tii ^ be'c imfi 
acquain t^ w ith the sirUcture'o? cells- 

When the information each had acquired was brought together — in 
personal discussion and laboratory study, so the story goes — they became 
of the opinion that cells are fundamentally alike throughout the plant 
and animal worlds. As a result of this decision, each produced in 1838 
a treatise on the subject, thajLpf S^tpaaiuv-whie h-he hims elf- termed. 
“The Cell Theory,” being the more comprehensive. Schwann says: 

The elementary parts of all tissues are formed of ceU.s in an analogous, though 
very diversified, manner, so that it may be asserted that there is one universal 
principle of development for the elementary parts of organisms, however different, 
and that this principle is the formation of cells . . . The development of 
the proposition that there exists one general principle for the formation of all 
organic productions, and that this principle is the formation of cells, as well 
as the conclusions which may be drawn from this proposition, may be corn- 
prise<^nder the term Cell Theory. 

'IBoth Sehleiden and Schwann were thus concerned in the proposal of 
the theory that th e body of organisms is composed ^ ffllsA sd cel l prod- 
u ct > <ThR tramendous importance of this science of biology was 

at once recognited by students in both fields. In botany, interest was 



t l lBir rparar jih— hMoeSraSTiw- 

pottaat ways’ bg ^Iater re turn ed ^ hnwAy^r, tn 

the detail? of hi^ork, and unham- 
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turned abruptly from the stu^of vascular anatomy and the oiitnr.on„ 

Immi3ia!e[3vHS^^ 

niothod of cell formation, the role of the nucleus, the nature of nrotn. 
plasm, and over other similar problems which are now looked uuon 
cytological, and with which, therefore, the present sketch need not deqf 
„ , JusUgecediag^ha^resgj^^ cell 

fostsfadi^he sjnr^ plants-by Co^lTS^d 

stimulate J |m-,^^~^enr^^ 

Thus, very eaxI^lBeg^ the contributions of paleojtotanjTtcTaSStSi^ 
contributions which have been of the greatest importance in the develon 
rnent of the subject. Indeed^^wood^L^^^^ bet ter known 

The influeimeoflBe study 

of the internal structure of fossil 
plants upon anatomy has continued 
to the present,' i t was doubtless g rpat. 
est in the last third bflbe^ nv.. 
^^og -_P^I^otany and ^yf^ ny 

ateSSiJ^amdk. The attempts to 

establish the identity and the relar 
tionships of fossil plants led naturally 
to an emphasis on comparative mor- 
phology and phylogeny. And, since 
external morphological features were 
often lacking, or considered to be of 
little value, attention turned to inter- 
nal structure. Anatomy was forced 
to progress in order that it might 
fulfil the demands made upon it for 
explanation of the structure of fossil 
plants. Compared with paleobotany. 


Fig. 145.— Carl von Nageli (1817-1891). 


Wtle effect upon tie progreec 
of fte' 
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of the day. His. , first work of importance concerned cell unt<igciiy, in 
which he demonstrated the progrosMyrtffieESIn^^^ flifr wa’ll *and the 
relation of secondary to primary layers, disposing finally of the okl 
“transformation” views, such as, that the spiral vessel gave risf> liy jiudu- 
morphosis to all other types. Von Mold’s painstaking atul accurate 
observations put an end definitely to the two-eentury-loiig, fanciful 
philosophy of metamorphosis, and of idealistic morphology. J^n cun- 
n ection with wall dlev elopment , von Mohl learned that pits up' thin 

place^n^theroR'anH' rio t pore ?oFproJ^!lonsfals o lOj M 1 a r 

s^^tanci!’’"wasTEe 'pri™ wall. Out ofhisstudies of cell-wall develop- 
ment grew his theory of wall thickening by apposition. 

Von Mold’s contributions to anatomy are numorou.s and most varic'd. 
H e det ermined th e nature .aiuLjaeth od of fornmi-in n of ves.sels. He. 
dgscrihed-tbl'^ styge^e oLthe . mde.nnK'afi^dcm tT nst!^ ^ of 

j£e..rariiclfi.; alsoJ Jie nature of lenticels and -nOoSKr and the cojaseemen t 
f ormation of “ bark ii with its constant loss and renewal. Home of these 
tissue descriptions had, however,- been outlinpd by Grew. . V on Moh l 


dons, a nd confirmed their CQm D l e x-oa. tur e i Jn the ontogeny of"tIi£ritefli 
liT^sho wed that the first bundles of the stem were huadlea connecting with 
tl Sg^av es. 

/ In von Mohl’s work we have for the first time accuracy of observation 
'md of statement; with it opens a new epoch in plant anatomy. So 
excellent was von Mohl’s work that much of it stands unquestioned 
today. 

A classification of tissues was made bv Franz Unge r (1800-1870), 
b ut IE5 was whollr Lempiric al and had no morphological b asis-whatever. 
As a classification it was not followed to any extent, chiefly because a 
much better one soon appeared in the work of Nageli. Ujige£.ls_classi- 
fic ation was, how ev er., the bek. t hat h ad been proposed u p t o thaVti jne . 
Unger'toek part in the discussions of the cell theory, entered the contro- 
versy as to the method of cell origin, and contributed tolhe ontogenetic 
studies so popular at that time. However, it is’ chiefly Unger’s textbook 
of anatomy and physiology, one of the first good texts in these fields, 
which brings this most versatile botanist into the field of anatomy, for 
Unger’s major endeavors lay in pathology and paleobotany. 

The study of vascular bundles led Hermann Schacht (1824-1864 L , to 
cl aim thfit thelteparaie bunates or;TO --gi8^bM!^ fe 

of solid cylMers. ' A’t the time this was considered absurd, and dis- 

tihctlyTmli^iSde step in anatomy; and as such it has continued to be 
looked upon until very recently. However, Schacht was not, of course, 
thinking of the phylogenetic development of bundles and steles. 

Theodor Hartig (1805-1880),^ ke en oteer ver , who workej -nhieife 
on wo^snd bhlbelS discovered the aeVer tube and claimeilJ^t it yM 





334 AN INTRODUCTION TO PLANT ANATMOY 


perfors^. VonJMohl disputed the fact of its perforation, but N<a8-Pi; 

laJSFsubstentiateHTHrartiiTc^ ' * 

^•"" ^^elTsaitation, Hke~^^ was largely cen ternd on ontogeny 
He mudied ~aEi^ imenstems_Ba£i^^ and t r ace~rtEe~segmeBts 

m eristem from apical cells and apical meristpms t,n mgt.nr.n 
o rgans-- EEmJddaJifi4)assad„n5iurailyd^ah#^^ 
of vascular bundles from procambial strands . He_cIass]fia(Ltissue£as 


di viding each ■i± ...Hmaa Jnto~p~a.ren chjr mat o^^ 
^^^,,.,E? 2 §£Q^Xro 2 ioufi~ty^©s. T o prosenchymatous g enera, tivA tissues 
he applied the t erm.ilcamlaum,I’ a term whic h had been useTeaflier by 
Iiu_HameI, but in the very loose sense of a stracturelesslmaffiFTn which 
cells arose. Nageli distin guished between primary and secondary meri- 
the theory bflrallTEic^^ bymtussusce^ion. 
sieve ^ibes in secondary ph loem and put forwa rd essentia.11v 
t he theOT yhf'tKeirT unctionT Eht is chiefly held toHaF ^at they serve 
f or conduction of the l ess diffusible plastic materia ls. In the study of 
vascular bundles he distinguished between ca,u1ine. co mmon , and foliar 
stiands. T o , th e_ parts of the bundle he applied the terms *^xylem” 


understanding, however; a difference of "function in 
tEe’two parts. NagelHs commonly looked upon as the originator of the 
ter ms their present form he do^ap^ar 

to be responsible. However, Theophrastus had already used them in 
slightly different form, though in much the same sense. 

Thoug h von Mohl aypided generalizations to a fault, Na geli made 
mosicpm^i^^ and drew definitely clear conclusions from 

his numerous data. The clarity and usefulness of von MohFs and Nageli's 
classifications and conclusions are due to the morphological basis which 
they adopted for their studies. Through this, many obscure points in 
the older anatomy were readily cleared up. With the work of von Mohl 
and Nageli, anatomy begins to resemble in its terms and in its methods 
the anatomy of today. It may well be said that the modern epoch 
was ushered in by these two men. 

Grew and Malpighi laid a substantial foundation for the science of 
plant anatomy; Nageli and von Mohl built its superstructure. More 
recent workers have determined the principles of construction and elab- 
orated the superstructure, adding details, but have modified the frame- 
work only in minor ways. 

The Modem Period. Following the establishment of the cell theory,*} 
and of a substantial understanding of cell division, of meristem develop- 1 
ment, and of fundamental vascular bundle structure, attention centered J 
for some time on the meristems, especially on the cambium, and upon the | \j^ 
origin and structure^ of secondary tissues, particularly xylem and peri-J 
derm. The acquisition of correct information in these fields was largely 
due to the efforts of (1832 --1891), a Prussian school teacher. 
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Sanio established the place and the method of origin of the cambium, and 


studied the activMeFof thS meTOTmrW’feTaled'^o'TEeTSriiSltion of^ 

■a'5 hHaX~ nn^ . ffg~T?OTfcEd v.\ Leiisi vety ■algtr'5If“tTie“sf f iicfufc "oT^ vrooci, 

a'^mrately describing gymnosperm wood in remarkable detail consider- 
ing the microscopes available to him. Bars of S anio and trabeculae 
were first described by him^ a nd borde refI-pit,s, th^ goneTal nature of 
which had already been learned by Schacht, were also described in 
accurate detail. He extende d his studies of the ontogeny of the second- 
a rv tissues to the perid e.rm.'~the'"develQPtnenr of 'wlu^i ~Ee followed 
through. S anio is pe rhaps best known for his studies in the comparat ive 
anatomy of gymno^^rff and dico tyledon stems, in which studies he 
placed einpiasis on the elements onSel^cir'nielr structure a nd distri- 
butionr*ane~details of wood structure thus first accurately portrayed, 
together with his discovery of the procambial “thickening ring,” con- 
stitute probably his most important contributions. Though the nature 
of secondary growth and of the annual ring had long been known in a 
general the ontogenetic beginnings of such growth were wholly 
obscure, uhese Sanio presented d efinitely, de nig rating p lace and 
method of ori g in of prirna ry bundleslmd the r elation of the e amhiiirp to 
thgsfi-sfepftnds. 

Sanio was one of the most prominent anatomists of his time, in| 
method and viewpoint resembling Nageli. With Nageli and von Mohl,\ 
he should be associated as one of the founders of modern anatomy, and 1 
in this respect he is deserving of more credit than is commonly given him. 
His work surpassed that of Nageli in accuracy and, in some respects, in 
importance, as did Nageli’s that of von Mohl. 

S anio’s stu dy o f merist em development led Johannes vonHanstcin 
1 1822-188.0 ), who had been workinsL atoSLlkesAliklliQ^ followed 

b y Sanio and Na cmli. ink „t he same field . H ansMn show cd_ the origin 

(3|^giBjn32^5«Bing ring,” by dis tinyiishing in root aol stcm tips three 
definite histoggnic layers which" give rae to epidermis, co rtex, and vascu- 
lar“^nder. To theae~^Tngg^:*tAr-^^ kr m^sen , 

‘neriblemT^ md vlerom.' "respecti vel V. Under the sway of the strong 
mor^EologicS tendencies of the time, Hanstein ascribed to these three 
layers definite morphological value, and believed them constant in value 
and in occurrence. Over this opinion controvemy quickly arose. 
Though De Bary soon sh owed that th e thao iv could not be aBn liadJuni- 
ve SSvanHlhai iEe histogens lacked morphological value, the contro- 
vemy continued until the end of the century, and ev enloday 
hi’^gS firsr^monlv riaing^ ^ and constan t 

^uninen. 

TTfiinrich Anton De Bary (1831-1888), a s tudent pnma ri Iv- . x >L the 
fungi brou ght fTogetheTinty ? t he knowlec^of anatorov. uCL ift-that 
dateTpuMishi ng at that time hi s ex tensive “Comparative Anat omy of the 


lo’“ni’e"T5rn!S.tioii of 
structure oT^woocL 
.ible detail consider- 
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Pljanero^ams m This book presents the enormous amount 

of information available at that time, arranged in a way which can only 
be said to be De Bary's own, and established a reasonable and workable 
terminology. The content of the book is arranged with little logical 
sequence; the treatment gives little idea of morphological and still less 
of physiological distinction; and from it can hardly be readily obtained a 
comprehensive understanding of the general structure of a plant. Yet 
so critically have the facts been judged and so accurately and completely 
have they been presented that De Bary ’S textbook is of the greatest value 
and has been the most generally useful and usable reference book in 
plant anatomy during the nearly fifty years since its appearance. Today 
it still stands an excellent reference text, the most valuable of all such 
books. 

Physiological Anatomy . — As it became increasingly evident that 
Hanstein^s close-drawn lines of morphological tissue classification 
based on ontogeny were of little value, a new basis for anatomical 
description and classification was sought. This basis was found in func- 
tion by JuliusL^on ^achs (183 2-1897), who m ade the first ph ysiological 
clagsific a ti a g, Ejpidermal, fibrovascular, and funda mental tissue s 


type&r- The epidermal tissues included all outer protective tissues; the- 
fibrovascular, all actually conducting cells; the fundamental was a catch- 
all for whatever did not fall into the other two groups, such as medullary 
rays, the pith, the cortex. This classification met with opposition on 
the part of anatomists, for whom De Bary expressed the general feeling 
in his views that, though Hanstein’s system could not be rigidly applied, 
only a classification based on development could be most satisfactory 
and most useful. 

The physiological viewpoin t of anat niny, thus begun, became more 
prominent in the work of Simon Schwendener_ (1829--1919)r'"The 
/ dESsiBeationof tissuesonaTpEysi^^ basis was extended by Schwende- 

J I ner’s researches and has reached high, development in the work of Gottlieb 
\Haberlandt, now professor of plant physiology at the University of 
! Berlin. The jatter ha aj’or ked out in detaiL^ccm physiological 
plant anatomy, presented in his textBbok, ^^ Phvsiorogrsche Pflanz ena- 
natomi e 3 ^^> which has appeared in several editions from 1884 to 1918. 
In this book the physiological viewpoint dominates all structural 
description|:purely morphological classifications or arrangements are dis- 
. regarded. Tissues are grouped a ecording to function, constituting sys- 
tems ^Ikd dorma T7“M^^ igg 7coH ^u^^ sensOTv. etc. 

In sucK^assiHcalion a tissue is not necessafffy structurally contTnudus, 
the cells forming a given tissue being perhaps distributed through various 
parts of the plant body, a^^ for e xa mple, in the c ase of conjluj 3 .ting^tissue, 
where, in tte-steorphologisPs'^^^x^ only th^vessels* tracheids, and 



Fiq. 14»,— Philippe Van Tieghem fl839-1914) 


Though Strasburger is perhaps known 
ts, his “HfetologiscJifiJBeiteage” con- 


These 


tmn the results of extensive and imj 

of all pTant g rou ps, but,.f ij 


of gvn tmosperm studies w very complete. In these papers 

he" puisT^^^**iK^idea of two distinct tissue systems, the 'cortical, or 
assin3Lilatlng|-;:i4d 'tiao' conducting, or stelar. 

,yto^."-rThs lack of a comprehensive presentation of the 
sti%ctprt’#':tliC'pto 'body as a Whole, which is the outstanding weakness 
was supplied by '.the French botanist, Fhiippe 
J^on students, jn 

estal^hmen t of the stelar ^ theory. . Van Tieghcm in i870, before 
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parenchyma form the conducting tissue; fil^rsjnd Jber.tmch^ l>el(>ng 

tq3be mechanical systemT'' ^TTEiis^ln many kinds of wood, such as that of 
Acer^ what 'fo'tKe^ni'orphologist is xylem contains scattered through it 
only a rather small proportion of the physiologist’s xylem. In similar 
ways terms are used in senses wholly physiological except for occasional 
cases when the basis is said to be '^topographical/^ Whether pliysiolog- 
ical anatomists desire to supplant morphological conceptions may per- 
haps be questioned; they have, however, developed the structural mate- 
rial in such a way that it is useful chiefly to the physiologist. In the 
establishment of these conceptions, a considerable element of confusion 
has been added to the already confused state of anatomical terminology, 
since new terms have not been coined to any extent by physiologists, but 
those already in use have been 
applied in senses more or less 
different from their original mean- 
ings. To the physiologist the 
phylogenetic origin of a tissue or 
the fundamental nature of a cell 
type is of no direct importance. 

Physiological anatomy is, there- 
fore, of value to the physiologist 
rather than to the anatomist; 

Haberlandt's text, however, 
because of the thoroughness with 
which the ground is covered, is 
generally useful to all students 
who are able to "translate*^ the 
terminology. 

— Bdmrd 

St gasbur ger (1844-1912),^ ejpoii 
mental physiology is combined 

wiliPmS?^^ extensive 

cytQ lQSS*an3anilQ5 Sc^^ 
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the appearance of De Bary’s text, had already begun the presentation of 
a new way of looking at the general structure of the plant axis. In 
the following years he extended his observations, and elaborated .his 
theory that both root and stem ar e funda ment ally alike in structure, 
each possessing a distinctly lim ited central core, w EicirTe"t^ 
stele7jh|wraited"i^^ the c ortex. Van Tieghem’s 

stele, is li mited extemaT[y^“^"the""bencvcie. . 

e^pdermis on the o utside and the endoderm is on the inside. The st^oJe, 
ijpE InTSo^indu^^ does not consist "Qfygggjijgy tissues alone, but 
also of ^^conjunctive tissue/^ in which the conducting tissues l ie: in the 
rontsTnency ^TTnET"^^ the tissue s be tween the primary strands; in 
thesieni7pencv^ an(i med ullary ra vs. Va nTieghem p ointed mit 

disfalL bance in the tissues caused by leaf trace s, to frequent absence of 
the endodermis, and to variation in the pericycle. 

Later, van Tieghem and his pupils elaborated the stelar theoiy, 
extending it to cover, in its modifications, all types of axes, and giving 
names to the varieties of stelar structure. Th ^y spoke of the typ e where 
xvl em and phloem are arranged in a simple hollow cylinder as a monostele. 
Where such a stele is brokenHupiiHially^^ oTtKe'perlcycle 

and endodermis, so that the cortex becomes continuous with the pith, and 
the segments of the cylinder are surrounded by the pericycle and endo- 
dermis, the stele, as such, is not obvious, except in outline; hence, an 
a stel^c cjonditiim isL U iP^sent. In astely, there is thus the appearance of a 
numoer ofisolated steles in a parenchymatous matrix. Where such 
isolated strands become fused laterally, the endodermis and pericycle 
being lost between them, but united to form a complete ring on their 
inner side — as, for example, in. certain species of Equisetum — a condition 
of fusion or gamostely exists. W here, in o ntogeny, the monostele of 
the young plan t forks, as the axis elong a^, to form twoo r nm^ 
similar to the^Yst=iunn] ^&'Tt^ condition is 

develoS ST guch polystely occurs In" some angiosnerms and in m any 
f erns. U ltimately, the term ^'polystely was, however, applied by van 
Tieghem to both the gamostelic and the dialystelic conditions. Stras- 
bur ger supported van Tieghem in the chief fea,tiir^gL Xiil..the latter's stelar 
the ory, but proposed theTern Lgd^o^i^ 6 Z 2 z..t Q replace van lieghemslastely. 

With the establishment of the stelar theory a big step was thus made 
in a comparatively brief period toward the understanding of the funda- 
i mental grosser structure of the axis. That this step was fundamentally 
sound has been shown by the subsequent study of many students. 

Van Tieghem, in his attempt to explain the variations of steles, 
adopted the basis of comp$,rative morphology and phylogeny, the only 
basis on which, a satisfactory explanation could be made. Chiefly 
in respect to the iinity; oL aJl forms as modifications of a single 
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type, and as to the relations of leaf traces to the formation of broken 
steles, did van Tieghem fall short of a complete understanding of the 
theory. These conceptions, which are of the greatest importance to the 
stelar theory, we E^ suTOlied in 1897 bv Edwai -d ^C harles J effrey, now 
p ressor at Harvard iT n iversity. Professor Jeffrey, from an c.Ktensive 
study of all groups of vascular pla nts, and especialiv of the d evelopment 
of th e, stele in yo ung plants, drew_gsneralize d conclu sions-CQn£erni ng the 
na ture of ste les. Though agreeing in the main with van Tieghem concern- 
ing the nature of the stele he showed that the French anatomist’s types 
had after all little morphological foundation. There are, he said, but two 
type s of central c yl inder, the siphonostele and the proto stele: andiitese 
are fundamental ly the sam e, since the former has clearly been derived from 
the latter. T Ee protostele .is a solid rod of vascular tissue in which a 
cor e of xvlem is surrounded by phloem, and this by a perfcycle; the 
si phonostele is similar to the protostele but is, tubular, nosse-asintr a 
ce ntral pit h, which Jeffre^claiihs arose phylogeneticfllly .a.s an iqva.sion 
thfi stele by the cortex. Thus the siphonostele is merely a mod ified 
protostel e. Va n Tieghem’s types are but modifieation.s of the sip hono- 
st ele, the polystele not representing a “bifurcated epicotyledonary stele,” 
nor the astelic condition the splitting of a monostele into definite bundles. 
The presence of breaks in the continuity of the vascular cylinder, which 
are related to the exit of leaf and branch traces and hence known as foliar 
and ramular gaps, is responsible for the apparent formation of distinct 
types of stele. Where the gaps are small, they may readily be overlooked, 
but where large, and when they overlap in longitudinal extent, the 
cylinder apparently consists only of isolated bundles. It is, however, a 
tubular network, perforated by extensive gaps. I n the ferns, gymn o- 
spe rms. and angiospernris. hntb leaf. and, bran ch ff ansm.renlwavs present, a 
f»Arirl it.Tnn .TAffrp-g tArmpd “pbYlIosiphopic: ” in the horsetails, clubmosses, 
and related plants, only branch gaps occur, the cladosiphonic condition. 

.I ptfrey claims t hat the pith is extrastelar in morphlogtc al nature, 
re presenting cortical tissue which has invaded the stele ih its ptiyibgehetic 
sp gci^zatio m With the invasion of 'tle siele by cortex^'TRe’ phloem, 
perieycle, and endodermis also entered the core of xylem. Thus the 
primitive type of siphonostele possesses internal phloem, perieycle, ami 
endodermis. With greater specialization, these become degenerate 
and may disappear, there remaining only a perimedullary zone to repre- 
sent these tissues morphologically. The importance of Jeffrey’s con- 
clusions was -immediately recognized; a satisfactory understanding of 
varied stelar structure could now be had, and the great value of this to 
all anatomy was evident. It explained, for example, for comparative 
and physiological anatomy the presence of vestigial internal phloem and 
endodermis; it brought out characters of the greatest importance in the 
phylogenetic relations of the large groups of vascular plants. Through 
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the presence or absence of leaf gaps, together with other characters, 
Jeffrey made a new arrangement of the larger gi’onps of vascular plants. 
The two groups thus formed, the Pteropsida and Lycopsida, have largely 
been accepted as natural, and their establishment has done much to aid 
in the determination of the phylogenetic relationships of the larger groups 
of vascular plants. 

As to the method by which the pith arose in the protostele, a con- 
troversy arose between Jeffrey and certain English anatomists. Jeffrey's 
op ponents claim that, at least in some groups, especially the eusp orangi- 
at e ternsTthe pith is not extrastelar . t hat is, cortical in natu re, buFrepre- 
sents unsjDeci alized x ylem; that is. the pith is strictly The 

development of a pith in this way has been said to be by expansion, an 
unfortunate term, since it implies enlargement of the stele, a feature which 
does not necessarily exist. The discussion of the expansion and the 
invasion theories still continues sporadically, though it seems to be uni- 
versally granted that in most plants the pith is doubtless cortical in 
nature. The establishment of the stelar theory has supplied a basis for an 
understanding of the structure of the plant body such as was not possible 
before. This alone has brought the vascular skeleton to the front as of 
much importance in the study of phylogeny. 

Anatomy in T axonomy r-^The Sittentioii oi anatomists was first called 
to features of internal structure as of importance in classification in the 
days of von Mohl; after the establishment of the theory of descent, the 
value of internal morphology in classification became increasingly evident. 
De Bary became one of the most prominent exponents of the anatomical 
method in taxonomy. The movement in this direction spread most 
rapidly in Germany as concerned living plants, and in England for fossil 
forms. The influence of the tendency to add anatomical features to the 
commonly used external morphological structure in taxonomy is evident 
in such important works as Engler and PrantPs ^^Die naturlichen 
Pflanzenfamilien'^ and Solereder's ^^Comparative Anatomy of the 
Dicotyledons.'' 

Present-day Anatomy , — At the end of the nineteenth and the begin- 
ning of the twentieth century anatomical research turned definitely to the 
aid of taxonomists and morphologists in the solution of problems of 
natural relationship. Paleobotany, as a strong ally in this phylogenetic 
research, continued to stimulate progress in knowledge of anatomy 
through its constantly increased demand upon anatomy as a tool in 
the unraveling of the identity of fossil plants and of their relation to 
living forms. ■ . 

During, the past; ihiit^ many prominent anatomists in 

England, France, and America have given their attention in greater or 
less part to problems of paleobotany. Perhaps the larger number of 
anatomists in these countries have, however, been more closely associated 
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with the anatomical aspects of comparative morphology. The many 
studies of the vascular anatomy of the ptericlophytes made in the finst 
years of the century and carried on largely in relation to stelar theories, 
and to questions of the validity of classification in this group, were doubt- 
less to a large extent responsible for the increased recognition of the 
importance of the vascular skeleton as indicating natural relationships. 
The determination of this importance may be said to be without doubt 
the great contribution of anatomy to the solution of the problems of 
phylogeny. 

Because of this recognition of the value of the study of the vascular 
skeleton, anatomical research in America has centered about the stele 
and its vascular appendages, especially about the phylogenetic value of 
these important structures in their various modifications. In England 
also the viewpoint of phylogeny dominates the studies of prominent 
anatomists; in France, comparative morphology perhaps stands much 
as it has throughout recent years in that country, largely above other 
aspects of anatomy; in Germany, physiological anatomy, under the 
influence of Professor Haberlandt, chiefly holds sway in the antomical 
field. 

To evaluate satisfactorily the anatomical research of the present time 
is clearly impossible. Moreover, even an outline of the contributions 
of the numerous individual investigators of today and of recent years is 
out of place in a brief and introductory sketch of this type. Therefore 
no attempt is here made to describe in detail the present situation in 
anatomy. Though the workers are many, the field is a very large one, 
the anatomy of the angiosperms being still largely unknown, and the 
opportunities for important contributions, both to descriptive and to 
comparative anatomy, are many. 

Although at the present time the more “popular” fields of botanical 
research — physiology, cytology, and genetics— far surpass anatomy in 
commanding the interest of students, th®e fields are constantly demand- 
ing more and more complete information concerning structure. The 
requirements of these fields, together with, those of applied botany, 
such as pathology and horticulture, must be met by anatomists; and all 
these fields must doubtless rely in the future in increased measure upon 
the information secured by morphoI(®r and anatomy. 
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(Figures in boldface type indicate pages on which illustrations occur) 

A Adventitious roots, 238 

Aerenchyma, 8, 312 

Abies (fir), specific gravity of xylem, 183 Aesculus (buckeye), abscission ofinfiores- 
trabeculae in tracheids, 34 cence, 222 

wood structure, 166, 173 tyloses, 179 

Abscission, branch, 222, 223 Agaihis (kamd pine), branch abscission, 

layer, 220, 221 
leaf, 220, 221 

Abutilon (velvet leaf), collenchyma, 55 
Acacia^ specific gravity of xylem, 183 
Acer (maple), cell types in xylem, 166 
curly grain, 185 
cuticle, 37 

durability of wood, 184 
leaf abscission, 222 
paratracheal wood parencliyrna, 173 
pith-ray flecks, 187 
root'Stem transition, 243 
specific gravity of xylem, 183 
width of xylem rays, 176 
wood parenchyma, 175 
Acer Negundo (box elder), division of 
epidermal cells, 204 
vessel, 65 

Acer pennsylvanicum (moose wood), 
cracking of cuticle, 37 
division of epidermal cells, 204 
Acer ruhrum (red maple), pits in vessel, 


cell types in xjdcm, 173 
color of heartwood, 182 
pits in vessel, 30 
resin, 80 

Agrimonia (agrimony), phloem rays, 199 
stem type, 245 

Ailanthus (tree-of-heaven), a])scission of 
stem tip, 223 
starch in ray ceils, 18 

Air chambers, in hydrophytes, 310, 311, 


Albuminous cells, 199 
Alburnum (see Sapwood) 

Aider (see Alnus) 

Aleurone grains, 15, 19 
Allium (onion), intercalary meristem, 266 
Alnus (alder), shape of pith, 125 
symbiosis, 319 
xylem rays, 176 

Ah^ (a monocot), rhytidome, 215 
secondary growth, 159, 249 
AUophila (a tree fern), starch grains, 18 
Alstroemeria (a monocot), vascular 
skeleton of flower, 281 
A melmchier (Junebeny, Hhadbush ) , 
structure of petal, 284 
Amphibious plants, 314 
Amyloplast, 14 

AmhmUf epidermis of pettil, 286 
Anemarrhena (a monocot), root-stem 
transition, 244 
Angelica, oil canal, 78 
Annual rings, 164, 165 
Annular cells, 89, 92, 94 
Anthbcyanin, 15 
Apical cells, 44, 45, 46 


scale bark, 214 

Acer saccharum (sugar maple), character 
of bark, 214 

Achras (sapodilla), gum, 81 
periderm on fruit, 215, 287 
Acorus (sweet flag), amphi vasal bundle, 


storied cork, 215 
vascular system of rhizome, 121 
Actaea (baneberry), development of 
fruit pulp, 291 

Adder's tongue fern (see Ophioglossum) 
Adlumia (climbing fumitory), stem type, 
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Axis, ontogeny, 83, 84 
part of plant, 1, 2 
structure, 3 


Apical initials, 44, 45, 46 
Apical meristeins, 43, 44 
Apios (groundnut), endodermis, 100 
stem type, 250 
‘ vascular skeleton, 122 
Aplectfwm (putty-root), stoma, 109 
Apple (see Pyrus Malm) 

Aquatic plants (see Hydi'ophytes) 
Aquilegia (columbine), vascular system 
of flower, 280 

Aralia, number of leaf traces, 120 
Araucaria (a gymnosperm), extension of 
leaf traces, 140 
persistence of leaf traces, 140 
persistence of leaves, 277 
wood parenchyma absent, 68, 174 
Arbor vitae (see Thuja) 

Arbutus (see Epigaea) 

Arceuthohium (dwarf mistletoe), a para- 
site, 317 

Arisaema (Jack-in-the-pulpit), chromo- 
plasts, 13 

protoxylem in fruit, 94 
Aristolochia (Dutchman’s pipe), anom- 
alous stem structure, 267 
pith crushed by secondary growth, 99, 


Balsa {see Ochro7na) 

Banana (see ilfwsa) 

Baneberry (see Actem) 

Banksia (a dicot), xerophytic leaf struc- 
ture, 303 

Barberry (see Berheris) 

Bark, 213 

Bars of Sanio, 28, 29, 174, 178 
Basswood (see r^Zm) 

“Bast,” 75, 100 
“Bast fibers,” 57, 68 
economic use of, 198 
term, 75 

Bauhinia (a dicot), anomalous stem 
structure, 267 
Bayberry (see Myrica) 

Bern, {see Phaseolus) 

Beehdlm {see Monarda) 

Beech (see Fag^ws) 

Beet (see Beto) 

Begonia^ anomalous stem structure, 267 
cortical bundles, 261 
malacophyllous xerophy te, 306 
plasmodesma, 21 
water-storage cells, 306 
xerophytic leaf structure, 303 
Berheris - (barberry) , fleshy pericarp, p 1 
' ■■ .stem; type,' : 245';; ,, 
vascular cylinder, 122 ' 

Bernhardi, J. J., 329 
Beta vulgaris (beet), anomalous stele 
structure, 260, 261 
Betula (birch), clustered vessels, 166 
color of heartwood, 182 
complementary ceils in lent ic el, 217 
curly grain, 185 
duration of lenticels, 218 
duration of superficial periderm, 208, 
210, 213 

Aubrietia (rock cress), epidermal hairs, economic use of bark, 220 
111 periderm, 206, 207 ,, 

Austrian pine {see Pinus Laridoj pith-ray flecks, 187 

Autumn coloring of leaves, 15 ; , vascular rays, 176 

(oat),hairof le^, ill ■: J ^ ^■'yessiel, 66 ‘ ; 

leaf structure, .^(a dicot), anomalous stem 

(sm Oeum) 


stem type, 250 

Artemisia (ragweed), stem type, 247, 

Asamm (wild ginger), collenchyma, 65 
tyloses, 180 

Asclepias (milkweed) 
collenchyma, 66 
cortex of root, 63 
vascular bundle structure, 255 

Ash (see Fraxinus). 

Asparagus J cell division in pericarp, 291 
reduced leaf surface, 306 
rhytidome, 215 

Aspidium (shield fern), vascular skeleton 
of leaf, 266 

Aster J permanent collenchyma, 56 
phloem, 91 

tissues crushed by secondary growth, 
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Bindweed (see Convolvulus) 

Birch (see Betula) 

Birch bark, economic use, 220 
structure, 207, 208 

Bitternut (see Carya 

Bittersweet (see Celastrus and Solanum 
Dulcamara) 

Black cherry (see Prunus serotina) 

Black walnut (see Juglans nigra:) 

Blue cohosh (see Caulophyllum) 

Blue sage (see Salvia) 

Blueberry (see Vaccinium) 

Box elder (see Acer Negundo) 

Bracken fern (see Pteris) 

Branch abscission, 222, 223 
Branch bases, burial of, 156, 167 
Branch gaps, 116, 117, 118, 138 
Branch traces, departure, 119, 120 
description, 116, 116, 118, 138 
number, 119 

Broad-bean (see Vida Faha) 

Broom-rape (see Orohanche) 

Brown, R., 330 

Bryophyllum, abscission of stem, 223 
Buckeye (see Aesculus) 

Bulliform cells, 272, 277 
Bundle ends, 270 
Buttercup (see Ranunculus) 

Butternut (see J uglans) 

Butterwort (see Pinguicula) 

Buttonbush (see Cephalanihus)- 


Caesalpino, A., 323 

Calceolaria, epidermis of petal, 286 

Callus, in sieve tubes, 72 

wound tissue, 158 

Calocarpum (mamme sapote), periderm 
on fruit, 216, 287 

Cambial activity, anomalous stem struc- 
ture, 258 

effect upon primary body, 135 
' tune of, 155 

Cambium, accessory formation and aetiv;^ 
ity, 259 - • ! . ^ 

cell ^ 

duration,' V/” 


Cambium, extent, 133 
fascicular and interfascicular, 131 
first derivatives to mature, 155 
function, 140 
gliding 'growth, 149 
growth about wounds, 158 
in budding and grafting, 158 
in monocotyledons, 159, 160, 248 
mitosis, 147 

origin from procambium, 129 
origin in roots, 234 
regeneration, 159 

sequence of element formation, 141 
shape of cells, 146 
size of cells, 145 

stratified and non-stratificd, 143, 144, 

145 

structure, 143, 144, 148, 194 
structure of cells, 146 
time of activity, 155 
time of development, 133 
winter injury, 156 
zone, 142, 262 
Canals, 8 

Cancer-root (see Conopholis) 

Canna, cuticle on seed coats, 296 
tyloses, 180 

Cannabis (hemp), outer tissues crushed by 
secondary growth, 136 
pericyclic fibers, 9, 68, 100 
Carica Papaya (papaya), druses, 16 
papain, 81 

Carpinus (hornbeam), aggregate vascu- 
lar rays, 176 

duration of periderm, 210 
, Carrot (see Daucus) 

Carya (hickory), abundant wood paren- 
chyma, 175 

arrangement of cells in xylcrn, 166 
character of bark, 215 
durability of wood, 184 
phloem parenchyma, 196 
jsclerenchyma in phloem, 197 
' specific gravity of xylem, 183 
thick-*walled vessels, 64 
Carya cordiformis (bitternut), pliloem, 

m, 193 

sieve tubes, 190 

Corfu flohra (piguut)^ crystals in stone 

cells, 16 , 

. Cmya omM (shagbark hickory), libriier» 

fiber, 63, ^ ’’ ^ 
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Cary a ovata (sliagbark hickory), wood 
parenchyma, 68 

Cary a Pecan (pecan), crystals in wood 
parenchyma, 16 
Casparian dots, 101, 102 
Gasparian strips, 101, 104 
Cas/anea (chestnut), cm4y grain, 185 
displacement of cells about vessels, 149 
durability of wood, 184 
leaf abscission, 221 
origin of periderm, 210 
phloem parenchyma, 200 
phloem rays, 198 
pith, 53 

wide vessels, 67 

Casuarina (she-oak), cortical bundles, 261 
stomata protected by hairs, 305 
Cat mint (see Nepeta) 

Catalpa, durability of wood, 184 
paratracheal wood parenchyma, 173 
ring-porous wood, 165 
tyloses, 180, 181 
Cauline bundles, 123 
Caulophyllum (blue cohosh), fleshy seed 
coats, 296 

Ceanothus (New Jersey tea), cuticle on 
seed coat, 296 
Celastrus (bittersweet) 
type of stem, 249 
Cell, arrangement, 7 
development, 9, 11 , 12, 42 
discovery, 324 
division, 9 
inclusions, 10 
lumen, 7 
plate, 20 
sap, 15 
sclerotic, 57 
shape, 8 
size, 8 
term, 6 
theory, 331 

Cell wall, chemical natirre, 34 
chitinization, 35 
cutinization and siiberization, 35 
dentations, 32 , 34 
erosion, by fungi, 31 
microscopic checking, 31 
mineralization, 35 
mucilaginous, 35 
origin and nature, 19, 20 
part of cell, 10 


Cell wall, primary, 24, 25 
sculpture and modification, 26, 28,29, 
30,31,32,34 
secondary, 24, 25 
stratification, 24 
striations, 24 
structure, 24 
tertiary, 24, 25 

Celtis (hackberry), abscission of stein 
tip, 223 

Centrifugal growth, 88 
Centrifugal xylem, 88 
Centripetal growth, 88 
Centripetal xylem, 88 
Cephala/nihus (buttonbush), scleren- 
chyma in phloem, 197 
secondary phloem, 191 
sieve tubes, 190 
phloem rays, 199 
Ceriman (see Monster a) 

Ceroxylon (wax palm), wax on epidermis, 
301 

Chain fern (see Woodwardia) 
Checkerberry (see Gaultheria) 

Checking, microscopic, of cell walls, 31 
Chenopodium (pigweed), anomalous stem 
structure, 260 

destruction of temporary collenchyma, 
56 

primary vascular system, 121 
simple pits in pith, 31 
Cherry (see Prunus) 

Chestnut (see Castanea) 

Chickweed (see Stellaria) 

Chitin, 35 

Chloroplasts, arrangement in leaves, 272 
description, 9 , 11 , 13 
in epidermis, 310 
Chondriosomes, 14 
Chromatophore, 13 
Ghromoplast, 12, 13 
Cinquefoil (see Potentilla) 

Circaea (enchanter’s nightshade), fruit 
structure, 287, 288 
leaf structure, 315 
pericarp structure, 287, 288 
Gitrullus (watermelon), pulp of fruit, 289 
simple pits in pericarp ceils, 31 
Citrus (orange), cuticle on fruit, 37 
lysigenous glands, 78 , 80 
Clarkia, epidermis of petal, 285 
Clearweed (see Pilea) 
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Clematis, crushing of sieve tubes, 202 ConiMs (dogwood), epidermisoffruit, 287, 
medullary rays, 163, 251 291 

parenchyma formed by cambium, 132 marginal ray cells in phloem, 199 


parenchyma of pith, 63 
phloem rays, 198 
simple pits in pith cells, 31 
stem type, 246, 250 
vascular cylinder, 122 
Climbing fumitory (see Adlumia) 
Clover (see TrifoUum) 

Clubmoss (see Lycopodium) 

Coconut (see Cocos) 

Cocos (coconut), rhytidome, 215 
sclerenchyma in endocarp, 68 
Coleus^ leaf abscission, 222 
tyloses, 180 

Collenchyma, 52, 54, 66, 106 
Columbine Aquilegia) 

Combretum, interxylary phloem, 258 
Common bundles, 123 
Companion cells, arrangement, 195 
description, 71, 73 
development, 73, 154 
occurrence, 195 
Compass plants, 307 
Complex tissues, 52, 59 
Compression wood, 186 
ConduUa (greenheart) 

Conjunctive tissue, 259 
ConophoUs (cancer-root), parasitic plant, 
316 

Convolvulus (bindweed), tyloses, 180 
Copernicia (wax palm), wax on epidermis, 
37, 301 

Coral root (see Corallorrhiza) 

Coral tree (see Erythrina) 

Corallorrhiza (coral root), a '^sapro- 
phyte,^^ 317 
Cordus, V., 323 

Cordyline (a monocot), rhytidome, 215 
secondary growth in stem, 249 
Coreopsis, epidermal hairs of leaf, 111 
Cork (see Phellem) 

Cork cambium (see Phellogen) 

Cork, commercial, 207, 208, 209, 220 
Cork oak (see Quercus stiber) 

Cork wood (see Leitneria and Ockroma) 
Corn (see Zea) 

Cormis (dogwood), cell division in epi- 
dermis, 204 
cuticle on stem, 37 
development of fruit pulp, 201 


phloem parenchyma, 194, 196, 200 
secondary phloem, 194 
Cortex, continued primary growth, 136 
description, 105, 106 
of root, 228, 229 
Cortical bundles, 261 
Cotton (see Gossypium) 

Cow lily (see Nuphar) 

Crataegus (hawthorn), pulp of fruit, 290 
stone cells of endocarp, 68 
Crotch structure, 167 
Cryptogramma (rock brake), shade leaf 
structure, 314, 316 
Crystalloids, 19 

Crystals, chemical composiiion, 15 
description, 15, 16, 18 
druses, 16, 17 
forms, 15 
occurrence, 15, 17 
raphides, 16, 17 
Cucumber (see Cucumis) 

Cucumber tree (see Magnolia) 

Cucumis (cucumber), cell division in peri- 
carp, 291 
hairs of leaf, 111 
stoma of, 109 

Cucurhita (squash, pumpkin), companion 
cells, 196 

internal phloem, 251 
phloem, 91 

phloem parenchyma, 197 
root-stem transition, 243 
tyloses, 180 
Currant (see Eihes) 

Cuscvia (dodder), a parasitic plant, 316 
Cut-grass (see Leer da) 

Cuticle, lack in hydrophobes, 310 
origin, 36 
structure^ 36, 37 
Cuticular pegs, 36 
Cuticularization, definition, 38 
in xerophytes, 301 
Cutin, 35, 36 

Cutinization, 35, 38, 107, 301 
Cycas, lignification of leaves, 301, 302 
xerophytic stomatal strticture, 302, 305 
Cydonia (quince), pulp of fruit, 289 
Cyperm (a se<lge), bundle sheath in ieuf, 
276 
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Cystoliths, 35 

II 

Cytoplasm, 9, 11, 12 


D 

Dandelion (see Taraxacum) 

Dasylirion (a raonocot), cuticle on leaf, 37 
structure of leaf, 302 
rolling of leaves, 304 
Date palm (see Phoenix) 

Daucus (carrot), chromoplasts, 13 
DeBary, H. A., 335 

Decodon (swamp loosestrife), aerenchyma, 
8, 312 

Dendrohium (an orchid), velamen, 309 
Dermatogen, function, 48 
origin, 46, 47 
structure, 45 
term, 335 

Dianthera (water willow), medullary 
bundles, 123 
Dictyostele, 113 

Digitalis (foxglove), stem type, 247 
Dionaea (Venus’ fly-trap), digestive 
glands, 79 

insectivorous plant, 318 
Diospyros (ebony), diffuse wood paren- 
chyma, 173 
pits in xylem, 31 
specific gravity of xylem, 183 
stratified cambium, 145 
substances in heartwood, 182 
thick-walled vessels, 64 
wood, 172 

wood parenchyma in tangential rows, 
166 

Diospyros KaM (Japanese persimmon), 
plasmodesma in endosperm, 22 
Dipsacus (teasel), root-stem transition, 242 
Dirca (leatberwood), branch abscission, 
224 

periderm in abscission, 225 
phloem fibers, 75 
sclerenchyma in phloem, 197 
sieve tubes, 190 

Dock (see Rumex) , . , ' : , ’ 

Dodder (see Cmcida) 

Dogwood (see Comm) ; , : . : 

ouglas fir (see FseudotsUga) / ^ 

;a’ monowt}, fufefo'-df ^m,r37; 

xhyti<iom% ^1^ A '' '' 




Drosera (sundew), insectivorous plant, 318 
secretory tissue, 79 
Druses, 16, 17 
DuHamel, 328 

D'ulichium (a sedge), vascular system, 

121 

Duramen (see Heartwood) 

Dutchman’s pipe (see Am^oZoc/i'ia) 

Dwarf mistletoe (see Arcew^/io6mm) 

, ■ E 

Ebony {see Diospyros) 

Ectoplast (see Plasma Membrane) 
Elatine, stem structure, 311 
Elderberry (see Sambucus) 

Elm (see Ulmus) 

Embryo, 297 
Emergence, 1, 2 

Enchanter’s nightshade (see Circaea) 
Endocarp, 286, 291, 294 
Endodermis, Casparian strips, 101 
description, 100, 101, 102 
function, 103 
inner, 103 

occurrence and position, 3, 84, 103 
passage cells, 103 
transfusion cells, 103 
Endosperm, 22, 297 
English ivy (see Hedera) 

Entada (a legume), interxylary phloem, 
258 

Ephedra (a gymnosperm), primary vascu- 
lar system, 121 
Epidermis, function, 107 
in hydrophytes, 310, 311 
in xerophytes, 302, 303 
of fleshy fruits, 290 
of fruits, 287 
of petals, 285 

ontogeny and duration, 107 
prolonged growth, 204 
protective hairs, 303 
structure, 37, 106, 107 
Epigaea (arbutus), fleshy placenta, 292 
hairs of corolla, 111 

Epigynous flower, vascular system, 281 
Epiphytes, 308 

Equisetum (horsetail), endodermis, 101 
growing point, 44 
: microphyllous xerophyte, 306, 308 
, > ; mineralization of cell walls, 35 
.:%?|;':|;y/^il0tosynthetic tissue in stem, 306^ 308 
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Equiseium (horsetail), protoxylem, 94, Flower, structure of sepals and petals, 284 
05 structure of stamen and pistil, 281, 282, 

stoma of stem, 308 285 

structure of vascular bundle, 254 vascular skeleton, 270, 280 

xorophytic structure, 305 Foliar traces (see Leaf Traces) 

Erythrina (coral tree), epidermis of petal, chromoplasts, 13 

285 Four-o’clock (see Mirabilis) 

Eucalyptus, pits in xylem, 32 Foxglove (see Digitalis) 

specific gravity of wood, 183 Fra^ana (strawberry), ripening fruit, 290 

Euonymus, corky, twigs, 206 tannin in pith cells, 18 

Eupatorium, persistant root hairs, 229 Frazinus (ash), dry heartwood, 182 
Euphorbia pulcherrima, (poinsettia), nec- non-stratified cambium, 146 
tary, 78 number of leaf traces, 120 

Euphorbia splendens, latex cells, 78 paratracheal wood parenchyma, 173 

Excretory cells, 77 pits in wood, 31 

Exocarp, 286, 290 ring-porous wood, 166 

Exodermis, 239 specific gravity of xylem, 183 

thick-walled vessels, 64 

F types of sieve tubes, 195 

wide vessels, 67 

Fagus (beech), extent of periderm, 210 Freesia, bundle end in petal, 270 
sclerenchyma in phloem, 198, 202 Fruit, accessory parts, 292 

False dragon head (see Physostegia) changes during ripening, 291 

False mermaid (see Floerkia) dehiscence, 293 

False spikenard (see Smilacina) epidermis, 287 

Fascicular cambium, 131, 132 periderm, 287 

Fiber tracheids, 63, 64 structure, 286 

Fibers, *‘bast fibers,” 57, 58 structure of dry, 288 

classification, 56 vascular skeleton, 287 

cortical, 9, 57 Ft^mana (fumitory), root-stem transition, 

description, 56 242 

gliding growth, 153 Fundamental meristem, 48 

length, 8 Fundamental parenchyma, 48 

libriform, 63, 64 Fundamental tissues, 48, 52 

mucilaginous, 63 Fungus erosion of cell wall, 31 

pericyclic, 9, 57, 100 

phloem, 69, 73, 75 G 

pits in, 30, 31, 32 

septate, 34, 63 . GauUheria (checkerberry), pulp of fruit, 

substitute, 63 290 

wood, 62, 63 Gaylussada (huckleberry), development 

Fibrovascular bundle (see also Vascular of endocarp, 291 

Bundle), term, 96, 255, 329 glandular hairs, 79 

Ficm (rubber tree), periderm on leaves, lack of stomata on fruit, 291 

216 , pulp of fruit, 289 

source of rubber, 81 Geranium (see Pelargonium) 

Fir (see Abies) -i Geum (avens), interfascicular cambium, 

Flax (see Linum) 133 ‘ 

Floerkia (false mermaid), pericarp and stem type, 245 

epidermis, 289 Ginkgo^ fieshy seed coat, 296 

Flower, epidermis of petals, 285 lenticels, 216 

fusion of vascular bundles, 281, 282 ■ Glands, .77," 78 . 
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Gleditsia (honey locust), lenticels on 
roots, 239 
root hairs, 229 

Gliding growth, description, 10 
of cambial derivatives, 149, 152 
of cambium cells, 147 
of libers, 148, 149 
Goldenrod (see SoUdago) 

Gooseberry (see Rihes) 

Gossypium (cotton), hairs, 112 
Grain of wood, bird’s-eye, 185 
curly, 145 
silver, 185 
spiral, 145 
Grape (see Vitis) 

Green brier (see Smilax rotundifolia) 
Greenhart (see Condulia) 

Grew, N., 324 

Grit cells, 57, 58 

Ground cherry (see Physalis) 

Ground meristem, 48 
Ground tissue, 48, 52 
Groundnut {see Apios) 

Growth, centrifugal, 88 
centripetal, 88 

Guaiacum (lignum-vitae), libriform fiber, 

63 

specific gravity of xylem, 183 
Gummosis, 35, 187 
Gums, 15, 19 

Gymnocladus (Kentucky coffee-tree), seed 
coats, 294 

Gymnosperm wood, 173 
H 

Haberlandt, G., 336 
Hackberry (see Celtis) 

Hadrome, 51 
Hairs, epidermal, 303 
glandular, 77, 79, 112 
plant part, 1, 2 
stinging, 77, 79, 112 
types, 111 

upon petals, 284, 285 
Halophytes, 300 
von Hanstein, J., 335 
Hartig, T., 333 
Hawthorn {see, Crataegus) 

Heartwood, 181 

Hedera (English ivy), flower anatomy , 284 
Heliotropium (heliotrope), hairs from 

^ calyx, lll''':i-i'\- / ^ 


Hemlock (see T'.mgra) 

Hemp {see Cannabis) 

Herbaceous stem, 245, 247 
Herbs, ‘^medullary rays,” 250 
iJetJca (rubber tree), ^‘iatex,” 81 
Hickory (see Carya) 

Histogens, 45, 47, 335 
History of plant anatomy, 321 
anatomy in taxonomy, 340 
beginnings of anatomy, 322 
cell theory, 331 
discovery of cell, 324 
eighteenth century, 328 
founders of plant anatomy, 324 
modern period, 334 
nineteenth century, 329 
present day anatomy, 340 
stelar theory, 337 
Honey locust (see Gleditsia) 

Honeysuckle (see Lonicera) 

Hooke, R., 324 
Hop {see Humulus) 

Hop hornbeam (see Osir?/a) 

Hornbeam (see Carpinus) 

Horse chestnut (see Aesculus) 

Horsetail (see Equiseium) 

Humulus (hop), stem type, 249 
Hydathodes, 77, 80, 314 
Hydrophytes, 299, 309 
aerenchyma, 312 
air chambers, 310 
diaphragm, 312 
divided leaves, 310 
lack of sclerenchyma, 313 
modification of epidermis, 310, 311 
reduced root system, 313 
reduced vascular tissue, 313 
Hypericum (St. John’s-wort) origin of 
lateral roots, 236 
Hypodermis, description, 106 
in xerophytes, 301, 302, 308 


hnpatiens (jewelweed), collenchyma, 56 
procambium strands, 131 
vascular cylinder, 122 
Indian cucumber-root (see Medeola) 
Indian pipe (see Monotropa) 

Initials, (initiating cells), 44, 46 
Insectivorous plants, 318 
digestive glands, 78, 79 
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Integuments, seed, 293, 294, 296 
Intercalary meristcms, 43, 46 
Intercellular spaces, 7, 101 
air chambers, 8 
canals, 8 . 
lacunae, 8, 94, 101 
lysigenous, 8, 78 
schizogenous, 8. 78, 101 
schizolysigenous, 8, 94 
Interfascicular cambium, 131, 132 
Interfascicular tissue, 259 
Intermediate tissue, 259 
Interrupted fern (see Osmunda Clay- 
toniana) 

Interxylary phloem, 258, 260 
Intraxylary phloem, 244, 251, 262 
Iresme (a dicot), vascular skeleton, 121 
Iris, intercalary meristern in leaf, 46, 266 
periderm, 215 

. J 

Jack~in-the-pulpit (sec Arisaeina) 
Jeffersonia (twinleaf), leaf structure, 314, 

316 

Jeffrey, E. Q, 339 
Jewel weed (see Impatiens) 

Juglans (walnut), companion cells, 195 
diffuse-porous wood, 166 
leaf abscission, 221, 222 
non-stratified cambium, 146 
number of leaf traces, 120 
origin of periderm, 210 
sclerenchyma in phloem, 202 
sieve tubes, 190 
size of cambium cells, 145 
tyloses, 180 

vascular system of flower, 281 
Juglans dnerea (butternut), abscission of 
leaf, 221 

cambium, 144, 145 

Juglans nigra (black walnut), druse in 
phloem, 16 
pulp of exocarp, 289 
secondary phloem, 191 
sieve tube, 71 
tyloses, 181 
Jujube (see Zizypkus) 

Jimeberry (see Amelanchier) 

Juniper us (red cedar), diffuse wood 
parenchyma, 175 
sclerenchyma in phloem, 198 


K 

Kapok (see C^c5a) 

Kauri pine (see Agathis) 

Kentucky coffee-tree (see Gymnocladus) 
Kerria (Japanese rose), replacement of 
cuticle, 37 
Knots in wood, 156 

L 

Lactuca (lettuce), compass plant, 307 
stomata, 109 
Lacunae, 8, 78, 94, 101 
Larix (larch), bordered pits, 28, 61 
size of cambium cells, 145 
structure of wood, 166 
Lateral meristems, 43, 46 (see also Cam- 
bium and Phellogen) 

Latex, 81 

Latex cells, 8, 78, 81 
Latex vessels, 9, 78, 81 
Lathyrus (sweet pea), root-stem transi- 
tion, 244 I. 

Laticiferous ducts, 77, 78, 81 
Leaf, abscission, 220, 221 
appendage of axis, 1, 2 
arrangement, 265 
bundle ends, 270 
conduction in mesophyll, 273 
development of, vascular tissue, 266 
distribution of stomata, 274 
epiderm is of leaves, 274 
expansion of axis, 264 
grass, 275 

hydrophytic structure, 310, 311, 312 
intercellular spaces, 273 
mesophyll, 271, 272 
ontogeny, 44, 266 
orientation of vascular tissue, 267 
persistence, 277 
pteridophyte, 268 
sclerenchyma in, 268 
stipular traces, 268 
structure of petioles, 267, 268 
vascular skeleton, 264 265 
xerophytic structure, 302, 303, 304, 308 
Leaf gaps, closure by secondary growth, 
137 

description, 116, 117, 118, 137 
Ijeaf traces, burial by secondary growth, 

137, 139 

departure, 119, 120, 124 
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Leaf traces, description, 114, 115,118, 138 
extension in evergreen leaves, 139 
girdling, 119, 120 
number, 119 

rupture by secondary growth, 137, 139 
Leatlierw’-ood (see Dirca) 

Leersia (cut-grass), leaf teeth, 277 
van Leeuwenhoek, A., 328 
Leitneria (cork wood), specific gravity of 
xylem, 183 

Lenticels, description, 216, 217, 219 
duration of, 218 
in roots, 239 
origin, 218, 219 

Lepidiiim (peppergrass), seed coats, 294 
LeptocarpziS (a monocot), microphyllous 
xerophytc, 306, 306 
photosynthetic tissue, 306 
Lop tome, 51 
Leucoplasts, 13, 14 
Lianas, stem types, 257 
Libriform fiber, 63, 64 
Lignification, 34, 301 
Lignin, 35 

Lignum-vitac (see Guaiacum) 

Ligustrum (privet), cell divisions in 
pericarp, 291 
Lilac (see Spring a) 

Linden (see Tilia) 

Linum (flax), epidermis of petal, 285 
pericyclic fibers, 9, 100 a 
•procambium of, 86 
tissue crushed by secondary growth, 
136 

Liquidajnhar (sweet gum), corky twigs, 
206 

type of stem structure, 245, 246 
Liriodendron (tulip tree) 
companion cells, 71 
■ essential oils, 77 
phloem parenchyma, 74, 196 
phloem rays 198 
phloem sclerenchyma, 197 
pits in vessel, 30 
. ,,, secondary phloem, 192 
■ ' ' secretory cell, 78 
sieve tubes, 71, 190 
size of cambium ceils, l45 , . 
tyloses, 180 
vessel, 66 

wo<>^’’fiber, 63 . 

; ; i wood parenchyma, 176 


Lobelia, companion cells, 196 
endodermis, 101 
metaxylem, 89 
phloem, 91 

primary xylem, 89, 130 
protoxylern, 89, 94 
vessel, 66 

Lonicera (honeysuckle), lack of stomata 
on fruit, 290 
stem type, 246 
vascular cylinder, 122 
Loosestrife (see Ly thrum and Lysimachia) 
Loosestrife, Swamp (see Decodon) 
Lopseed (see Phryma) 

Lycopersicum (tomato), chromoplasts, 13 
flesh}" seed coat, 296 
Lycopodium (clubinoss), vascailar supply 
of leaf, 268 
Lycopsida, 340 

Lysimachia (loosestrife), striictairo of 
petal, 284 

Ly thrum (loosestrife), aercuchynui, 312 
M 

Madura (Osage orange) durability of 
wood, 184 
tyloses, 180, 181 
’ type of sieve tube, 195 
Magnolia acuminata (cucumber tree) 
bordered pits in wood, 30 
character of bark, 214 
cortex, 106 

origin of periderm, 106, 210 
seed coat, 294, 296 
simple pits in wood, 31 
stamens, 285 

Mahogany (see Swietenia) 

Malpighi, M., 324 
Malpighian cells, 296 
Maple (see Acer) 

Marattia (a tropical fern), 22 
Marginal ray cells, 177 
Marsh grass (see Spartina) 

May apple (see Podophyllum) 
Meadow-sweet (see Spiraea) 

Medeola (Indian cucumber-root), stoma, 
109 

Medicago (medic), root-stem transition, 
244 

Medulla, 97 (see Pith) 

Medullary bundles, occurrence, 261 
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Medullary rays” (see also Xylem Rays, 
Phloem Rays, and Vascular Rays) 
of vines and herbs, 250 
use of term, 162, 251 
Medullary sheath, 98 
Medullary spots, 187 
MeUlotus (sweet clover), temporary col- 
lenchyina, 56 
Menispermmn (moonseed) 
cell division in epidermis, 204 
stem structure, 122 
stem type, 250 
wide “medullary rays,” 122 
Meristele, 113 

Meristematic cells, discussion, 40 
in root, 42 , 46 

Meristematic tissue, 40, 42 , 44 , 45 
Meristems, apical, 43 
classification, 41, 43 
differentiation, 47 
discussion, 40 
fundamental, 48 
ground, 48 
intercalary, 43 
lateral, 43 
of root, 42 , 46 
Mesocarp, 286 

Mesophyll, arrangement of chloroplasts, 
272 

conduction in, 273 
description, 271, 272 
development of cell, 11 
intercellular spaces, 272 , 273 
Mesophytes, 299 
Mestome, discussion, 51 
sheath, 276 

Metaphloem, description, 90 
Metaxylem, description, 89 , 90 
elements, 89 , 90, 92 
Meyen, F. J. F., 330 
Middle lamella, formation, 20 
description, 25 
Milfoil (see Myriophyllum) 

Milkweed (see Asdepias) 

Mineralization of cell wall, 35 
Mirahilia (four-o^clock), root-stem transi- 
tion, 242 

Mirbel, C. F., 329 

hlistletoc (see I Xsw^/ziand Phoradendron) 
Mitochondria, 14 
Mock orange (see Philaddphm) 
von Mold, IL, 330 


Moldenhawer, J. J. P., 329 

Monarda (bee balm), flower anatomy, 282 

Monostele, 113 

Monotropa (Indian pipe), a “saprophyte,” 
317 

Monstera (ceriman), periderm, 215 
Moonseed (see M enispermum) 
Moosewood (see Acer penmylvamciim) 
Morm (mulberry), complementary cells 
in lenticels, 217 
large vessels in root, 235 
lenticels on roots, 216, 239 
Motor cells, in grass leaf, 272 , 277 
Mucilage, as cell inclusion, 19 
in epidermal cells, 107 
in xerophytes, 306 
Mulberry (see ilForits) 

Musa (banana), endodcriuis in, 102 
starch grains in pcricarj), 18 
vascular bundle, 254 
Mycorhizae, 318 

Myrica (bayborry), wax on fruit, 37 
Myriophyllmn (milfoil), divided leaves, 

310 

N 

von Nageli, C., 332 

Nannyberry (see Viburnum Leritago) 

Nasturtium (see Tropaeolum) 

Nectaries, as secretory tissue, 77, 78 
discussion, 79 
modified epidermis, 107 
Needle leaves of the gymnosperms, 307, 
308 

Nepenthes (pitcher plant), digestive 
glands, 79 

insectivorous plant, 318 
Nepeta (cat mint), collenchyma in stem, 
56 . 

Nettle (see Uriica) 

New Jersey tea (see Ceanothus) 

Nucleus, 9 , 11, 12 
Nuphar (cow lily), idioblasts, 311 
Nyssa (sour gum), marginal ray cells, 177, 
199 

0 

Oak (see Quereus) 

Oat (see Avena) 

Ochroma (balsa), secondary xylem, 172 
specific gravity of xylem, 183 
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Pericycle, of roots, 99, 231, 230 
Periderm, duration, 208 
extent, 210 
function, 215 
lenticels, 216, 217, 219 
of fruits, 287 
origin, 205, 210, 211 
root, 238 

structure, 204, 205, 211, 212 
Perimedullary zone, 99 
Permanent tissues, 40 
Persimmon (see Diospyros) 

Petal, epidei'rais, 285 
structure, 284 ‘ 

Phaseolus (bean), root-stem transition. 


Oil canals, description, SO 
secretory tissue, 77, 78 
Oil cavity, 78 

Oils, inclusions in protoplast, 10, 15 
Onion (see Allium) 

Onopordum (Scotch thistle), epidermal 
hairs. 111 

Ophioglossum (adder’s tongue fern), plas- 
modesma in cortex, 22 
Opuntia (prickly pear), fleshy stems, 306 
Orange (see Citrus) 

Organs of plant, 4 

Orobanche (broom-rape), a parasite, 317 
Osage orange (see Madura) 

Osmunda Claytoniana (interrupted fern), 
pits in tracheid, 32 

Osirya (hop hornbeam), toughness of 
wood, 184 

Oxalis (wood sorrel), bundle ends in leaf, 


seed coats, 294 
starch in cotyledon, 18 
Phellem, 204, 205, 206, 207 
Phelloderm, 204, 205, 208 
Phellogen, description, 204, 205 
in roots, 100 

Philadelphus (mock orange), lack of 
lenticels, 216 

Phloem (see also Primary Phloem, 
Secondary Phloem, and Proto- 
phloem) 
elements, 69 
fibers, 69, 73, 75 
function, 75 

internal (interxylary), 258, 260 
internal (intraxylary), 244, 251, 252 
ontogeny, 152, 153 
term, 334 

Phloem mother cell, 140, 141, 148, 153 
Phloem parenchyma, arrangement, 196 
description, 73, 74 
development from cambium, 153 
occurrence, 196 
pits in, 194, 200 
types, 73 
Phloem rays, 198 
Phloem sclerenchyma, 197 
Phloeoterma (see endodermis), 102 
Phoenix (date palm), plasmodesma in 
endosperm, 22 
root-stem transition, 244 
Phoradendron (mistletoe), a half-para- 
site, 317. 

Phryma {lopseed)j hairs of corolla, 111 
Pky^alis (ground cherry), development 
pulp, 291 


Palm stems, growth of, 100 
Pansy (see Viola) 

Papaya (see Carica Papaya) 

Papillose cells, 284, 285 
Parasites, 316 

Parenchyma, description, 50, 52, 53 
fundamental, 48 
phloem, 73, 74 
pits, 31 
wood, 67, 68 
xylem, 67, 68 

Passiflora (passion fruit), fleshy seed coat, 
296 

Pea (see Pisum) 

Pear (see Pyrus communis) 

Pecan (see Cary a Pecan) 

Pelargonium (geranium), collenchyma, 56 
structure of petal, 286 
Pepper grass (see Lepidium) 

Periblem, description, 46, 47, 48 
term, 335 
Pericambium, 100 
Pericarp, cell division, 291 
development, 290 . ' 

inner epidermis, 2SI 

' structure of dry, 288, / ^ j \ , 
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I Physiological anatomy, 336 

Physostegia (false dragon head), anatomy 
of flower, 282 

Picea (spruce), color of heartwood, 182 
. as a xerophyte, 307 

secondary xylem, 166, 167, 172, 174 
Pickerel-weed (see Pontederia) 

Pignut (see Cary a glabra) 

Pigweed (see Chenopodium) 

Piled (clearweed), permanent collen- 
chyma, 56 

vascular cylinder, 122 
Pine (see Pinus) 

Pinguicula (butterwort), glandular hairs, 

79 

structure of petal, 284 
Pinus (pine), bordered pits, 28 
I compression wood, 186 



endodermis in leaf, 101 
intercalary meristem in leaf, 46, 266 
lack of wood parenchyma, 68 

. leaf structure, 307, 308 
phloem parenchyma, 196 
resin ducts, 8, 78, 80, 174 
specific gravity of xylem, 183 
tannin in phloem parenchyma, 18 
type of stem structure, 245 
xerophytic stomatal structure, 305, 
308 

xylem rays, 176 . 

Pinus Bariksiayia (jack pine), dentations 
in ray cells, 32 

Pinus Laricio (Austrian pine), leaf struc- 
ture, 308 

Pinus Strohus (white pine), division of 
cambium cells, 147 
lack of sclerenchyma in phloem, 198 
microscopic checking in tracheids, 31 
obliteration of sieve tubes, 202 
pits in ray cells, 32 
resin duct, 78 
secondary phloem, 193 
,size of cambial ceils, 145 
tracheid, 60 
xylem in detail, 174 

Pmus sylvestris (Scotch pine), plasmo- 
desma in ray cells, 23 

Piper (pepper), anomalous stem struc- 
ture, 257 

Pisum (pea), starch in cotyledon, 18 
stem type, 250 
stipules, 264 


i 


Pisum (pea), vascular bundle, 255 
Pitcher plant (see SarraGenia and 
thes) 

Pith, description, 3, 53, 97, 246, 247 
duration, 99, 135 
of roots, 99, 230 
structure, 53, 90, 246 
Pith ray (see Xylem Rays) 

Pith-ray flecks, 187 ^ 

Pits, bordered pits, 27, 28, 29, 30, 31, 32, 
33, 60, 61, 63 

half-bordered pits, 27, 31, 32 
in vessels, 64, 66 
in xylem cells, 177 
simple pits, 27, 31, 32, 58 
structure and types, 26, 27, 28, 30, 31, 
32,33, 60,66 

Pitted cell (cell type), 89, 92 
Placenta, 292 
Planes of section, 4, 5 
Plant body, constitution, 4 
fundamental parts, 1, 2, 3 
Plantago (plantain), seed coat, 294 
Plasma membrane, 6, 9, 11, 20 
Plasmodesma, 6, 21, 22, 23, 26 
Plastids, chloroplasts, 11, 13, 107 
chromoplasts, 12, 13 
description, 11 
leucoplasts, 12, 13, 107 
occurrence, 12 
occurrence of types, 14 
origin and structure, 11, 12 
types, 12 

Platanus (sycamore), abundant wood 
parenchyma, 175 
central cylinder, 122, 245, 246 
character of bark, 215 
hairs of leaf, 111 
pits in stone cells, 32 
sclerenchyma in phloem, 198, 202 
toughness of wood, 184 
Platycerium (staghorn fern), as an epi- 
phyte, 309 

Plerome description, 46, 47, 48 
term, 335 
Plum (see Prunus) 

Podpcarpus (a conifer), erosion of cell 
wall by fungi, 31 

wood parenchyma, 175 ' , 

Podophyllum (May apple/; phloem, 91 , . 
Polygonatum (Solomon’s seal), root struc- 
ture, '230 
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Polygonaium (Solomon’s seal), stoma, 109 
Polygomlla (a elicot), cortical cell, 12 
microphyllous xerophyte, 305, 306 
photosynthetic tissue in stem, 306 
Polypodiim (polypody), amphicribral 
bundle, 263 
endodermis, 101 
pith of rhizome, 63 
Polystele, 113 
Pomegranate (see Punica) 

Pondweed (see Potmnogeton) 

Pontederia (pickerel-weed), diaphragms, 
312 

leaf stiicture, 310, 312 
Populus (poplar), branch abscission, 
223, 224 

color of heartwood, 182 
durability of wood, 184 
duration of outer periderm, 213 
five-angled pith, 125 
lattices on sieve tube, 194, 195 
leaf abscission, 222 
non-stratified cambium, 146 
origin of periderm, 210 
persistence of sieve tubes, 202 
sclerenchyma in phloem, 197 
secondary xylem, 166, 169, 175 
specific gravity of xylem, 183 
tyloses, 169, 180 
uniseriate xylem riys, 176 
vessels, 152 

Populus canadensis (Carolina poplar), 
primary vascular system, 122 
Populus deltoides (cottonwood), periderm, 
205 

root structure, 228, 232 
secondary phloem, 191 
Populus grandidejitata (large-toothed 
aspen), branch abscission, 223, 224 
crystals in pith cells, 16 
structure of petiole, 267 
Populus iremuloides (quaking aspen), pits 
in wood fiber, 30 
Portulaca, tyloses, 180 
Potamogeton (pondweed), air chambers, 
310, 311 

as a hydrophyte, 310 
leaf structure, 311 
stem structure, 311 
Potato (see Solanum tuberosum) 

Potentilla (cinquefoil), phloem rays, 199 
Prickly pear (see Opuntia) 


Primary body, description, 3, 83 

effect of cambial activity upon, 135 
Primary cell wall, 20, 24, 25 
Primary growth, funGtion, 4 
nature, 3 . 

relation to secondary growth, 137 
Primary meristems, classification, 4l 
description, 41, 42, 47 
Primary phloem, in roots, 233 
structure, 90, 106 • 

Primary tissues, 51, 83, 86 
Primary vascular cylinder, general struc- 
ture, 123, 124 
variations in form, 125 
Primary vascular system, of roots, 230, 
23*1 

structure, 112, 121,122,123 
Primary vascular tissues, 86, 121, 131 
Primary xylem, diagrams of location, 

131 

structure, 89, 91, 94 
types, 88, 95 
Primordial meristem, 41 
Primordial* utricle, 330 
Privet (see Ligustrum) 

Procambium, origin and development, 
84, 86, 87 
term, 48 

Promeristem, 41, 42, 47, 84, 85 
Proplastids, 11, 12 
Prosenchyma, 51 
Protection from animals, 315 
Protective layer, (in abscission), 220 
Protein granules, 10 
Protoderm (see also Dermatogen), 48 
Protophloem, description, 84, 89, 90 
destruction, 93 
elongation, 93 
Protoplasm, 6, 10 
Protoplast, 6, 9, 10 
Protostele, 112, 113 

Protoxylem, arrangement of constitu(3nt 
cell types, 89, 93, 94 
cell wall, 26, 34 

conducting elements, 89, 91, 94 

description, 89 

destruction, 93, 94 

elements, 89 

elongation, 93 

lacunae, 8, 94, 95, 101 

position, 84 

proportion of constituent cell types, 93 
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Protoxylem, vessels, 92 
Protoxylera lacunae, 94, 95 
Primus (cherry, plum), abscission of 
stem tip, 223 

complementary cells in lenticel, 217 
duration of lenticels, 218 
duration of periderm, 208 
grain of wood, 185 
inner epidermis of pericarp, 291 
leaf a])scission, 222 
periderm, 206 
pith-ray flecks, 187 ' 

Primus avium (sweet cherry), lenticel, 
217 

Primus Cerasus (sour cherry), structure 
of fruit pulp, 289 

Primus serotina (black cherry), lenticel, 

217 

periderm, 217 

Pseudoisuga (Douglas fir), compression 
wood, 186 

Pteris (bracken fern), medullary bundles, 
261 

meristem of root, 45 
sieve tube, 71 
vascular cylinder, 122 
Pteropsida, 340 

Punica (pomegranate), fleshy seed coat 
296 

Putty-root (see Aplectrum) 

Pyrola (shin leaf), vascular system of 
flower, 280 

Pyrus (apple, pear, etc.)? crushing of 
sieve tubes, 201 
leaf abscission, 222 
stomata on fruit, 290 
wood parenchyma, 173 
Pyrus communis (pear), bark, 214 
cambium, 144, 145 
duration of superficial periderm, 213 
non-stratified cambium, 144, 146 
pulp of fruit, 289 
stone cells in fruit pulp, 57, 68 
Pyrus Malus (apple), bark, 214 
bundle ends in leaf, 270 
cambium, 148 

cross section of one year twig, 138 

crystals in phloem parenchyma, 16 

cuticle on fruit, 37 

heartwood, 181 

leaf and branch traces, 138 

leaf structure, 272 
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Pyrus Malus (apple), morphol<jgy of 
fruit, 292 
nectary, 78 

origin of periderm, 210 

periderm of fruit, 206 

phloem fibers, 73 

phloem^ parenchyma, 74 

phloem rays, 198 

pits in wood fi]>crs, 30 

pulp of fruit, 289 

secondary phloem, 148 

secondary xylem, 148, 171 

seed coats, 294 

sieve tube, 71, 195 

specific gravity of xylem, 183 

stomata, 109 

tannin in wood cells, 18 

vascular anatomy of tiower, 283 

vascular skeleton of h'af, 266 

vessel, 66 

wood fiber, 63 

Quaking aspen (see Pop ulus trvmnhndrs) 
Querens (oak), Imuich abscission, 221 
broad rays, 175, 176 
broad vessels in xylem, 65, 67 
character of bark, 214 
crushing of sieve tulles, 201 
false annual rings, 165 
leaf structure, 272 
pith shape, 125 
ring porous wood, 166 
sclerenchyma in phloem, 202 
silver grain of wood, 185 
specific gravity of xylem, 183 
tracheids in xylem, 62 
tyloses, 179, 181 
vessel segments, 152 
wood parenchyma distribution, 173 
Querens alba (white oak), tracheids from 
secondary xylem, 60 
tyloses, 180, 181 
vessels, 65 
wood fiber, 63 
Quercus minors wood, 170 
Quercus rubra (red oak), lack of tyloses, 
181 

mucilaginous fiber, 63 
Quercus suber (cork oak), commercial 

cork, 207, 208, 209 
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Rohirda (black locust), phloem fibers, 73 
phloem pai’enchyma, 74, 196, 197 
phloem ra 3 ^s, 198 
secondary phloem, 193, 194 
sieve tubes, 71 
size of cambium cells, 145 
stratified cambium, 143, 145 
tyloses, 180, 181 ' 
type of sieve tube, 195 
vessel segments, 152 
Eock brake (see Cryptogramma) 

Eock cress (see Aubrietia) 

Eoot, adventitious, 238 
aerial, 309 

anomalous structure, 240 
cap, 227 
cortex, 228, 229 

formation of lateral, 235, 236, 237 

function, 226 

hairs, 108, 228 

ontogeny, 227 

origin of cambium, 234 

origin of primary, 226 

pericycle, 100, 230, 231 

periderm, 238 

pith, 230 

primary and secondary, 226 
primary vascular tissues, 231 
reduced in hydrophytesj 313 
root-stem transition, 241, 243 
secondary growth, 233, 234 
structure, 42, 46, 228 
> structure of stele, 230, 232, 234 
xylem, 235 
Eoot cap, 42, 46, 227 
Eoot hairs, 108, 228 
Eoot tip, 42, 46 

Eubber tree (see Hevea and Ficus) 

Ruhus (blackberry, raspberry), epidermis 
of fruit, 287 
fleshy pericarp, 291 
hairs on fruit. 111 
ripening pericarp, 290 
Rumex (dock), permanent collenchyma. 


Qtiercus suher {coik oak), duration of 
periderm, 208 
lonticels, 209, 219 
periderm, 206, 207 

Quercus velutina (black oak), root struc- 
ture, 235 

Quince (see Cydonia) 


Eamular traces (see Branch Traces) 
Ranunculus (buttercup), cambium, 132 
companion cells, 196 
medullar^m'ays, 163 
phloem, 91 

procambium strands, 131 
root structure, 228, 230 
vascular cylinder, 122 
vascular system of flower, 280 
Eaphides, 15, 16, 17 
Easpberry (see Ruhus) 

Eay tracheids, dentations in hard pines, 
‘ 32, 34 

description, 174, 177 
Eed cedar (see Juniperus) 

Eedwood (see Sequoia) 

^‘Eedwood’' (see Compression wood) 

Eesin canal, 8, 77, 78, 80 

Eesin cells (see Wood Parenchyma) 

Eesins, 15, 19 

Eeticulate cell, 89, 92 

Rhus (sumach), persistent inflorescence, 


tyloses, 180 

Ehytidome, 212, (see also Periderm) 
Ribes (currant, gooseberry), epidermis of 
fruit, 287 

fleshy pericarp, 291 
origin of periderm, 210 
Rohinia (black locust), cambium, 143, 
145, 194 

clustered vessels, 166 
crushing of sieve tubes, 201 
displacement of cells about vessels, 


durability of wood, 184 tannin in collenchyma, 54 

early lignification of vessels, 153 tyloses, 180 

elongation of fibers, 149 . 

obliteration’ of sieve tube^ 202 : . . ^ 

ontogeny of secondary vascular tone, Sabal Palmetto (cabbage palm), vascular 
. Ifi2 ■!/ • , bundles, 253 

ontogeny of vessel, 161 . , j von Sachs, J., 336 


INDEX 


359 


St. Jolm’s-wort (see iy?/pmc?iw) 

Salicornia (samphire), water-storage tis- 
sue, 306 

SaUx (willow), leaf abscission, 222 
lenticels, 216 
marginal ray cells, 199 
non-stratified cambium, 146 
periderm in phloem, 206 
persistence of sieve tubes, 202 
phloem rays, 198 
pith-raj^ flecks in wood, 187 
sclerenchyma in phloem, 202 
Salix alba (white willow), pits in xylem 
raj^s, 32 

Salix nigra (black willow), branch abscis- 
sion, 224 

crystals in phloem, 16 
origin of lateral roots, 237 
phloem, 193 
phloem fibers, 73 
phloem parenchyma, 74 
root structure, 230 
Salsify (see Tragopogon) 

Saiym (blue sage), flower anatom.y, 282 
Samh'iicus (elderberry), collenchyma in 
petiole, 56 

development of fruit pulp, 291 
inner epidermis of pericarp, 291 
phloem parenchyma, 196 
Samphire (see Salicornia) 

Sanio, G., 334 ■ 

Sapodilla (see Achras) 

Sapote (see Calocarpum) 

^'Saprophytes,^' 317 
Sapwood, 181 

Sarracenia (pitcher plant), an insectivor- 
ous plant, 318 
digestive glands, 79 
Sassafras, essential oils, 77 
marginal ray cells, 177 
substitute fiber, 63 
tyloses, ISO 
Scalariform cell, 89, 92 
Scalariform vessel, 92 
Scalariform-pitted cell, 92 
Scales, 112 
Schacht, H., 333 
Schleiden, M. J., 331 
Schwann, T., 331 
Schwendener, S., 336 
Scirpus (bulrush), primary vascular, 
system, 121 


(bulrush), vascular bundle, 263 
Sclereid, 57 

■ Sclerenchyma, description, 56, 68 
in phloem, 197 
in xerophytes, 302 
lack in hydrophytes, 313 
Sclerotic cells, 57 
Scotch thistle (see Onopordum) 
Secondary cell wall, 20, 24, 26 
Secondary growth, function, 4 
in monocotyledons, 248, 249 
in roots, 233, 234 

relation to leaf and branch gaps, 137, 
140 

relation to leaf traces, 136, 137 
relation to primary body, 129, 137 
Secondary meristems, 43 
Secondary phloem, albuminous cells, 199 
cessation of function, 201 
economic uses, 203 
extent and amount, 189 
function, 189 
ontogeny, 162 
rays, 198 

sclerenchyma, 197 

structure, 108, 190, 191, 192, 193, 194 

Secondary tissues, 51 

Secondary vascular tissues, ontogeny, 

150, 161, 152 

Secondary xylem, annual rings, 164 
cell types and cell arrangement, 166 
compression w'ood, 186 
durability, 183 
false annual rings, 165 
general histological structure, 166 
grain, 185 
gross structure, 162 
gummosis, 187 
lacking vessels, 175 
marginal ray cells, 177 
of angiosperms, 175 
of gymnosperms, 173 
of Pinus, 174 
ontogeny, 162 

penetrability by preservatives, 184 
pith-ray flecks, 187 
pitting, 177 (see also Pits) 
ray tracheids, 174, 177 
relation of microscopic structure to 
, i ; ’ properties, 182 
/ ' relation of structure to climate, 186 
^ ring-porous and difluse-porous, 165 
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Secondary xylem, sapwood and heart- 
wood, 181 

spring and summer wood, 165 
strength, 183 

structure, 166, 167, 168, 169, 170 , 
171,172 
weight, 183 
Secretory cells, 77 
Secretory hairs, 79 
Secretory tissue, 77, 78 
Securidaca (a dicot), anomalous stem 
structure, 257 

Sedum (stonecrop), as a xerophyte, 310 
fleshy leaves, 306 
Seed, coats, 293, 294 
embryo, 297 
endosperm, 297 
fleshy seed coats, 296 
histological structure, 295 
vascular bundle, 297 
Sepal, 284 

Separation layer (see Abscission layer) 
Septate fiber, 63 , 64 

Sequoia (redwood) , durability of xylem, 
184 

gums in heartwood, 15 
microscopic checking in wood, 31 
perforations in torus, 61 
specific gravity of xylem, 183 
wood, 168, 173, 175 

Serjania (a dicot), anomalous stem 
structure, 257 

Shadbush (see Amelayichier) 

Shade leaves, 314, 315 

Shagbark hickory (see Carya ovata) 

Shell bark (see Kliytidome) 

She-oak (see Camanna) 

Shield fern (see Asyidium) 

Shin leaf (see Pyrola) 

Sieve tubes, callus, 72 
contents, 72 

description, 69, 71 , 190, 191 , 192 , 
193 , 194 

development, 154 
lattices, 71 , 72, 194 
of primary phloem, 91 
of secondary phloem, 190, 191 , 192 , 
193 , 194 
shape, 70, 71 
sieve fields, 70, 71 
; sieve plates, 69, 71 

slime plug 72 . 

' ■. stimcturc, 69 , 11 • 


Simple tissues, 52, 53, 55, 58 
Siphonostele, 56 

Smilacina racemosa (false spikenard) 
raphides in fruit, 16 

Smilax herbacea (carrion-flower), root 
structure, 230 

Smilax rotmidifolia (green brier), cuticle 
on stem, 37 
endodermis, 102 

Snowberry (see Symphoricarpos) 
Solanum Dulcamara (bittersweet), perid- 
erm, 205 , 210 
stem type, 249 

Solanum tuberosum (potato), cambium, 
146 

collenchyma, 66, 56 
companion cells, 74, 195, 196 
internal phloem, 252 
periderm of tuber, 211 
phloem, 91 

primary vascular system, 123 
sieve tube, 71 
stomata, 109 
structure of petiole, 267 
Solenostele, 113 

Solidago (goidenrod), crushing of col- 
lencliyma, 56 

Solomon’s seal (see Polygonakwi) 

Sour gum (see Nyssa) 

Spanish moss (see Tillandsia) 

Spartina (marsh grass), rolling of leaves, 
303 , 304 

xerophytic leaf structure, 303 
Speedwell (see Veronica) 

Spiderwort (see Tradescaniia) 

Spiraea (meadow-sweet), frequence of 
stomata on leaf, 274 
Spiral cells, 89 , 92, 94 
Sprengel, K., 329 
Spring wood, 165 
Spruce (see Picea) 

Spmge (see Euphorbia) 

Squash (see Cucurhita) \ 

Staghorn fern (see Platycerium) 

Starch grains, 10, 15, 17, 18 , 63 
Starch sheath, 104 (see Endodermis) 
Stelar theory, 337 
Stele, description, 2, 3, 112, 113 
expansion theory, 1.14 
invasion theory, H4 
occurrence of type^, 114 
structure in roots, ' 230 , 231, 232 
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Stele, types, 338 

Stellaria (chic kweecl), stem type, 245 
Stem, anomalous structure, 256, 267, 
260, . 261 ■ 

lierbaceoiis type, 245, 247 
, liana type, 267 . . 

of monocotyledons, 247, 248 
origin, 241 
plant part, 1, 2 
root-stem transition, 241, 243 
types, 244 ■ , , 

vine type, 246, 249 
woody type, 245, 246 
Stereid, 57 
Stereorne, 51 
Stipular traces, 268 
Stoma, in hydrophytes, 310 
occurrence, 110 

structure and action of guard cells, 109 
structure in xerophytes, 302, 303, 
304,308 

sunken, 302, 306, 308 

term, 108 

Stone cells, 16, 57, 68 
Stonecrop (see Sedv/m) 

‘Strasburgei*, E., 337 
Strawberry (see Fragaria) 

StrychnoSj interxylary phloem, 258 
Suberin, 35 
Suberization, 35 
Substitute fiber, 63, 64 
Sumach (see Rhus) 

Summer wood, 165 
Sundew (see Drosera) 

Sweet cherry (see Prunus aviuvi) 

Sweet clover (see Melilotiis) 

Sweet flag (see Acorns) 

Sweet pea (see Lathyrus) . 

Swietenia (mahogany), septate fiber, 63 
substances in heartwood, 15,, 182 
Sycamore (see Platanus) 

Symbionts, 318 , ■ 

S y mphoj'icarpos (snowberry ) , develop- 
ment of fruit pulp, 291 
inner epidermis of pericarp, 291 
Syringa (lilac), persistent inflorescence, 
222 ■ 

T 

Tannin, in epidermal cells, 107 
in living cells, 18 


Tannin, in iion-living eel Is, 15 

in relation to durabilit}^ of wood, 35, 184 
. in tanbark, 19 

(danclelionj, plastids in petal, 


Taxononay, anatomy in, 340 
Taxus (yew), lack of wood parenchyma, 
68, 174 

tertiary thickening in tracheid, 26 
Teasel (see Dfpsaa/s) 

Tecoma 7'adicans (trumpet creeper), inter- 
nal secondary phloem, 251 
lack of lenticels, 216 
Tephrosia, storage root, 232 
Tertiary cell wall, 24, 26 
Theophrastus, 322 

Thinouia^ anomalous stem structure, 267 
Thuja (arbor vitae), diffuse wood paren- 
chyma, 175 

origin of perideinn, 210 
phloem rays, 198 
primary vascular system, 121 
reduced leaf surface, 306 
sclerenchyma in phloem, 198 
van Tieghem, P., 337 
Tilia (basswood, linden) , abundant vessels 
in wmod, 175 
companion cells, 195 
crystals in phloem parenchyma, 16 
durability of wood, 184 
leaf abscission, 222 
persistence of sieve tubes, 202 
phloem parenchyma, 196, 197 
phloem rays, 198 
secondary phloem, 75 
sieve tubes, 190 
specific gravity of xylem, 183 
tertiary thickenings of vessel, 26 
Tillandsid (Spanish moss), as an 
epiphyte, 309 
as a xefophyte, ‘309 
Tissue systems, 76 
Tissues, classification, 50 
complex, 52, 59 
fundamental, 48 
ground, 48 
primary, 3, 51 
reproductive, 50 
. secondary, 4, 51. 
simple, 52, 63, 66, 58 
vegetative, 50 * “ 

Tomato {sqb Lijcopersicuni). 



Ulmus (elm), abscission of stem ti 
oranch abscission, 224 
cambium, 143, U4, US, 194 
character of bark, 214 
clustered vessels, 166 
corky twigs, 206 
non-stratified cambium, 144, Ud 
origin of periderm, 210 
pith shape, 125 ; 

ring~porous wood, 165 
secondary phloem, 194 ' 
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Trabeculae, 34 , 178 

.rracheae (see Vessels) 

Tracheids, description, 59 , 60 
development, 153 • • 

function, 62 
pits, 28, 29, 30,32, 60 
ray, 174, 177 
scalariform, 61 
scalariform-pitted, 61 

1 Tadescantia (spiderwort) 
primary vascular system, 121 
stamen hair, 12 

Tragopogon (salsify), latex vessel, 78 
yansfuswn cells, in endodermis, 103 
Iransfusion tissue, 76 
Transition region (root-stem), 241. 243 
Tree-of-heaven (see Ailanthm) 
Irevmanus, L. C., 329 
Trichomes (see Hairs) 

Trifolium (clover), primary xylem 
arrangement, 130 
stem type, 246 

structure of vascular bundle, 265 
vascular skeleton of leaf 266 

(wake robin), stem structure, 

Ifiiicum (wheat), stem structure, 247 
Iropaeolum (nasturtium), root-stem 
transition, 243 

Tecomaradican.) 

Tmga (hemlock), sclerenehyma in 
phloem, 198 
sieve tube, 71 
stone cells, 58 

terminal wood parenchyma, 174 
1 ulip tree (see Liriodendron) 

Twinleaf (see J effersonia) 

Tyloses, 179-181 


Ulmus (elm), sieve tubes, 
toughness of wood, 184 
Unger, F., 333 

Nntca stinging hair, 77, 79 

(bladderwort), divided leaves, 


(blueberry), cuticle on stem 37 

epidermis of fruit, 287 

fleshy pericarp, 291 

lack of stomata on fruit, 291 

seed coats, 294 

vascular system of flower, 280, 281 

Vacuole, 9 , 11, 12, 14, 16 , 42 

Vascular bundle, amphicribral, 96 97 
amphivasal, 96, 97 
bicollateral, 96, 97 
cap, 256 
cauline, 123 
collateral, 96, 97 
common, 123 
concentric, 96 
definition, 2.'32 
occurrence of typos, 97 
radial, 96, 97 

reduced in hydrophytes, 311, 313 
structure, 263, 254, 266 
term, 95, 329 
types, 96 

Vascular eyhnder, breaking up by gaps, 

departure of leaf traces, 119, 120 
dissection by reduction, 122 
V^cular ray, description, 163 
initiation, 163 
ontogeny, 155 
term, 163, 251 

Vascular ray cells, pits, 31, 32 
Vein islets, 266 
Velamen, 309 
Velvet-leaf (see Ahutilon) 

Venus’ fly-trap (see Dionaea) 

^omca (speedwell), stem type, 245 
Vessels, description, 64, 65 
early lignification, 153 
ontogeny, 161, 162 
pits, 30, 31, 66 

porous, 66 , 67 v - ' 

scalariform, 66 , 67 • ■ ' , . , 

<iype 8 of perforations; 66 ‘ ' . : 


INDEX 


363 


Vessels, uses of term, 66 
Vihurnum (arrow-wood), cell division in 
epidermis, 204 
origin of periderm, 210 
regeneration of cuticle, 37 
Vihurnum Lentago (nannyberry), druse in 
cortex, 16 , ^ 

Vida Faba (broad-bean), plasmodesma 
in root cortex, 22 
Vine medullary rays,” 250 
stem types, 246, 249 
Viola (pansy), seed coat, 294 
Viscum (mistletoe), as a half-parasite, 
.'SIT'; ' 

large plasmodesma, 21 
VUis igmpe), apical cells, 44 
development of fruit pulp, 291 
epidermis of fruit, 287 
growing point, 44 
lack of stomata on fruit, 290 
periderm, 211 
^b'ing bark,” 215 


W 


Wake robin (see Trillium) 

Water storage tissues, 306 
Water willow (see Dianther a) 

Watermelon (see CfimZte) 

Wax, 36 

Wax palm (see Copernida and Cewxyloji) 
Welwiischia (a gymnosperm), intercalary 
meristem in leaf, 266 . 

Wheat (see TniJfcw^) 

Wild ginger (see Asarwn) 

Willow (see Salix) 

Winter injury to cambium, 155 
Wollf, C. F., 328 
Wood (see also Xylem) 
compression, 186 
durability, 183 
grain, 145, 185 
gummosis, 187 

penetrability by preservatives, 184 
pith-ray flecks, 187 

relation of microscopic structure, to 
properties and uses, 182-184 
relation of structure to climate, 186 
strength, 183 

Wood parenchyma, a cell type in 
xylem, 62, 67, 68 
distribution, 173 


Wood parenchyma, in gy mnosperms, 
173, 174 
pits, 31, 68 

Wood ray (see Xylem Ray) 

Wood sorrel (see Oxalis) 

Wood-ray parenchyma, 62 
Woodwardia (chain fern), traclieid, 60 
Woody stem, 245, 246 
Wound cork, 216 
Wound tissue, 158 

Wounds, cambium growth about, 158 


X 


Xanthein, 15 

Xerdphytes, discussion, 299 
malacophyllous, 303 , 306 
microphyllous, 305 
needle-leaved types, 307, 308 
reduced leaf surface, 305 
rolling of leaves, 303 , 304 
sclerophylloiis, 302 , 303 
stomatal structure, 302 , 303 , 308 
structural adaptations, 300 
trichophyllous, 303 , 304 

Xerophytic environment, light as £ 
factor, 306 
types, 299 

Xylem (see also Primary Xylem, Second- 
ary Xylem, and Wood), 
centrifugal, 88 
centripetal, 88 
discussion, 59 

exarch, endarch, mesarch, 88 
function, 68 

metaxylem (see Metaxylein) 
of roots, 235 
ontogeny, 160 , 162 
order of development, 88 
protoxylem (see Protoxylem) 
term, 334 

Xylem mother cell, 140, 141, 

151 , 162 

Xylem parenchyma, (see Wood Paren- 
chyma) 

Xylem rays, 175 


Yew (see Taxus) 

Fticm, rhytidome, 215 .. 

secondary growth, 149, 159 
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Zea (maize), aleurone in endosperm, 
■ 19 ■ 

broad vessels, G7 

development of mesophyll cell, 11 
leaf structure, 272 
leucoplasts in endosperm, 13 


Zea (maize), parencliyma of pith, 53 
protoxylem, 94 
stem type, 247 
stomata, 109 

structure of vascular bundle, 254 
Zingiber (ginger), essential oil, 77 
rhytidome, 215 

Zizyphus (jujube), pulp of fruit, 289 
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